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Section  1 


INTRODUCTION  AND  APPROACH 


This  report  covers  work  performed  during  the  first  year  of  a  three-year 
program  aimed  at  developing  an  improved  nickel  hydroxide  electrode  for  use 
in  rechargeable  alkaline  batteries  for  aerospace  applications.  The  improve¬ 
ments  sought  in  this  study  were  primarily  concerned  with  achieving  a  higher 
nickel  electrode  performance  capability  from  the  standpoint  of  energy  density, 
charge  efficiency  and  capacity  reproducability  in  nickel- cadmium,  nickel- 
zinc  or  nickel-iron  cell  systems.  The  specific  objectives  of  this  program 
were,  therefore,  the  development  of  nickel  hydroxide  electrodes: 

•  With  a  minimum  capacity  of  eight  ampere-hours  per  inch3  when 
discharged  at  the  five -hour  rate  at  room  temperature 

•  W  ith  a  charge  efficiency  of  987c  when  charged  at  room  temperature 
at  the  five- hour  rate 

•  With  a  capacity  uniformity  of  ±  1%  after  a  minimum  of  200,  507e 
depth- of- discharge  cycles  at  the  five- hour  rate  at  room  temperature 

•  By  a  process  offering  maximum  ease  of  fabrication  and  formation 
while  still  complying  with  the  above  objectives 

It  was  decided  at  the  outset  of  this  program  that  the  best  approach  to 
meeting  these  objectives  would  be  through  a  research  program  in  which  the 
first  year  would  be  devoted  to  a  critical  examination  of  the  electrode  structure, 
alternative  fabrication  techniques,  and  the  role  of  additives.  When  the  char¬ 
acteristics  of  the  most  promising  electrode  design  and  fabrication  technique 
have  been  sufficiently  identified  through  this  examination,  efforts  will  be  de¬ 
voted  to  advanced  electrode  testing,  further  electrode  and  process  development 
refinements,  and  production  on  a  pilot-line  basis  to  produce  20  ampere-hour, 
sealed  nickel- cadmium  cells  for  final  evaluation. 

In  order  to  efficiently  perform  the  various  analytical  and  experimental 
investigations  required,  five  independent  tasks  were  established  for  the  pre¬ 
sent  reporting  period.  The  scope  of  each  of  these  tasks  is  briefly  outlined 
beiow: 

1.  Additive  Study.  An  experimental  study  to  assess  the  various  effects 
of  cobalt  and  other  additives  to  the  active  electrode  material  was 
conducted,  and  included  a  determination  of  the  extent  and  effect  of 
zinc  oxide  absorption  in  nickel  hydroxide  electrodes  when  coupled 
with  zinc-negative  plates.  Chemical,  physical,  crystallographic 
and  electrochemical  aspects  of  the  electrode  were  considered  in  an 
effort  to  better  understand  the  possible  mechanisms  associated  with 
the  operation  of  the  electrode  and  the  role  of  additives  in  general. 
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2.  Substrate  Evaluation.  A  corrosion-resistance  evaluation  of  various 
candidate  substrate  materials  as  a  means  for  meeting  the  capacity 
reproducability  goal  was  conducted.  Since  it  is  known  that  pure 
nickel  will  corrode  to  some  ex4ent  during  cycling  (leading  to  a  pos¬ 
sible  increase  in  the  amount  of  active  material  present),  practical 
alternatives  to  conventional  nickel  substrate  materials  were  examined. 

3.  J^eal  Structure  Analysis.  A  theoretical  analysis  to  identify  and 
characterize  the  "ideal"  structure  in  terms  of  the  effects  of  pore  size 
porosity  plate  thickness  and  the  relative  amounts  of  conductor  and 
active  material  on  the  available  electrode  energy  density  was  con¬ 
ducted.  These  results  could  also  provide  useful  assistance  in  the 
experimental  work  of  the  fabrication  task. 

4.  Fabrication  Evaluation.  Experimental  work  in  which  electrodes  were 
prepared  oy  various  methods  and  electrochemically  and  chemically 
analyzed  to  determine  the  optimum  plate  fabrication  and  active  ma¬ 
terial  loading  technique  with  respect  to  the  overall  goals  of  this  pro¬ 
gram  was  conducted.  Conventional  electrode  preparations  as  well 

as  electrodeposited  and  pasted  processes  were  examined  in  the 
course  of  this  work.  In  conjunction  with  the  ideal  structure  analysis, 
experiments  were  made  to  determine  the  effects  of  substrate  pore 
size  and  general  configuration  on  the  active  material  utilization  and 
associated  electrode  behavior.  The  most  promising  plate  structures 
were  subjected  to  pretesting  under  sealed- cell  conditions.  The  tes+ 
used  nickel-positive  plates  of  a  size  suitable  for  20  ampere-hour  ceils 
and  commercially  available  cadmium  counter  electrodes. 

5.  Memory  Analysis.  An  experimental  task  in  which  a  systematic 
sequence  for  cycling  and  for  electrically  and  chemically  analyzing 
a  series  of  commercially  available  "sub-C"  cells  was  established 
to  determine  the  extent  and  site  of  cell  capacity  loss  with  cycling. 
Particular  attention  was  focused  on  the  nickel  electrode  to  determine 
whether  it  is  the  contributing  factor  to  such  memory  effects  commonly 
experienced  in  rechargeable  nickel- cadmium  battery  applications. 

Literature  pertinent  to  the  work  of  the  overall  program  has  been  evaluated 
and  discussed  in  the  appropriate  technical  sections  of  this  report.  Additional 
references,  with  titles,  which  were  not  cited  in  the  present  report  have  been 
arranged  according  to  the  subject  matter  and  are  presented  in  the  Appendix  I, 
"Bibliography.  " 

The  major  conclusions  and  corresponding  recommendations  based  on  the 
present  results  of  this  progrpm  are  presented  at  the  end  of  each  of  the  tech¬ 
nical  sections  of  this  report  and  are  briefly  summarized  in  Section  7. 
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Section  2 


THE  EFFECT  OF  ADDITIVES  ON  THE  Ni(OH),  ELECTRODE 

INTRODUCTION 


For  a  discussion  of  the  effect  of  additives  on  the  Ni(OH)8  electrode,  it 
is  first  necessary  to  understand  the  mechanism  of  the  electrode  itself  with¬ 
out  any  additive.  This  involves  not  only  the  chemical  transformations  of 
the  electrode  reactions,  but  also  extremely  intricate  structural  changes  of 
the  polycrystalline  Ni(OH)3  active  mass  during  the  course  of  charge  and  dis¬ 
charge.  The  complexity  of  the  electrode  mechanism  arises  from  the  physical 
and  chemical  nature  of  a  system  that  is  heterogeneous,  highly  disordered,  and 
subject  to  irreversible  or  highly  hindered  reactions  under  the  driving  force 
of  an  electric  field,  particularly  with  respect  to  the  effect,  of  additives. 

It  is,  therefore,  not  surprising  to  find  a  large  amount  of  literature  filled 
with  contradictory  statements.  Examples  of  a  general  treatment  of  the  whole 
field  of  nickel/ cadmium  batteries  are  the  comprehensive  works  of  Milner  and 
Thomas  (Ref.  1)  and  Falk  and  Salkind  (Ref.  2).  In  addition  to  these  two  works, 
it  may  be  best  to  select  different  schools  of  work  for  review  of  the  literature; 
a  selection  of  works  in  which  different  aspects  of  the  problem  have  been 
studied  extensively,  and  in  which  many  of  the  conclusions  have  stood  the  test 
of  time. 


Briggs,  Wynne-Jones  and  their  co-workers  (Refs.  3  and  4)  may  have  been 
the  first  to  recognize  the  crucial  importance  of  the  connection  between  an  elec¬ 
trode  reaction  mechanism  and  crystal  morphology.  They  proposed  a  structural 
model  of  mixed- layer  lattices  with  large  surface  areas.  The  crystalline  shape 
was  generally  laminar,  permitting  the  penetration  into  the  spaces  between  layers 
by  ionic  species  and  water  molecules.  Concomitant  changes  in  electrical  con¬ 
ductivity  were  also  recognized. 


The  structure  of  Ni(OH)a  in  its  various  aspects  was  further  elucidated  by 
Bode  and  co-workers  (Refs.  5,  6,  and  7)  and  by  Tuomi  (Refs.  8  through  11), 
among  others.  Basic  to  this  structure  is  the  layer  structure  of  the  active  mass 
through  which  Lukovtsev  (Refs.  12  through  14)  articulated  what  Wynne  *  Jones 
and  co-workers  anticipated,  namely,  proton  diffusion.  Bode  established  the 


existence  of  different  crystal  structures,  notably  a  hydrated  hydroxide, 
&-3Ni(OH)s  •  2HaO.  It  is  oxidized  to  Y  -  NiOOH  wbir*\  in  concentrated 
alkali,  converts  to  the  form  common  in  battery  application,  0  -  Ni(OH),  with 
brucite  structure.  Both  a  and  y  phases  contain  water  of  hydration,  a  -Ni(OH), 
also  has  a  lattice  structure  in  which  the  water  molecules  are  assigned  definite 
locations  in  a  hexagonal  structure,  with  unit  cell  value  of  the  c-axis  as  c  =  8.  09 
angstroms.  Such  wide  spacing  of  layer  lattices  obviously  makes  for  greater 
ion  and  water  mobility.  On  exposure  to  battery  conditions,  this  structure  is 
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irreversibly  changed  to  g  -  Ni(OH)2,  also  reflecting  a  change  in  density  from 
a-to  (3-phase  from  2.  50  to  3. 85  g/cm3.  Tuomi  (Ref.  9)  obtained  the  y-phase 
in  its  oxidized  form  bv  overcharging  the  Ni(OH)2  electrode,  but  he  chooses  to 
call  it  a  -  hydroxide,  citing  precedence  of  a  previous  publication  (Ref.  8). 

He  concluded  that,  on  the  basis  of  extensive  x-ray  diffraction  studies,  the 
oxidation- reduction  process  is  described  inadequately  by  a  proton  diffusion 
process  (Ref.  11).  Alkali  ions,  hydroxyl  ions,  and  water  molecules  contrib¬ 
ute  significantly  to  the  reaction  mechanism. 

The  evolution  of  oxygen,  the  oxidation  state  of  nickel,  and  its  relative 
stability  in  the  charge  and  overcharge  condition  are  of  particular  importance 
in  battery  operation.  These  factors,  relating  to  charge  acceptance  and  reten¬ 
tion.  have  been  studied  by  Conway  and  co-workers  (Refs,  15  through  22)  and 
most  recently  by  Scarr  (Ref.  23)  and  MacArthur  (Ref.  24).  Many  different 
reaction  paths  are  suggested  for  the  overall  oxidation  of  Ni(OH)£  and  OH-  to 
NiOOH  and  02.  The  question  of  the  ultimate  oxidation  state  of  nickel  on  over¬ 
charge  is  still  unanswered.  It  is  certainly  larger  than  three,  but  there  is  no 
concrete  evidence  for  even  a  relatively  stable  +4  state  under  battery  condi¬ 
tions,  so  that  a  value  higher  than  three  could  be  attributed  to  absorbed  or  other¬ 
wise  occluded  oxygen  atoms  in  the  irregular  active  battery  mass.  It  is  funda¬ 
mental  that  under  standard  conditions  the  oxidation  of  Ni(OH)2 

Ni(OH),  +  OH"  =  NiOOH  +  HsO  ^  e“ 

has  a  potential  (versus  Hg/HgO)  of  E°  =  0.414  v,  as  compared  with  the  oxygen 
evolution, 

4  OH"  =  Oa  +  2H,0  +  4  e"  at  E°  =  0.307 

In  spite  of  the  favorable  thermodynamic  values  favoring  oxygen  evolution,  the 
nickel  electrode  in  secondary  battery  systems  is  a  reality  because  of  the  much 
higher  overvoltage  of  the  oxygen  evolution  process  on  charging  the  nickel  elec¬ 
trode.  Herein  lies  the  importance  of  the  study  of  additives  to  Ni(OH)2.  Thev 
may  contribute  to  the  distortion  or  perfection  of  crystal  lattice  structure, 
thereby  helping  or  hindering  beneficial  or  detrimental  processes.  The  additives 
may  also  contribute  to  an  increased  overvoltage  of  the  oxygen  reaction  and  to  a 
decrease  in  the  self-discharge  of  active  mass  directly  through  the  change  in 
crystal  structure,  from  surface  modification,  or  from  chemical  bulk  effects. 

The  above  wms  recognized  and,  for  the  first  time,  systematically  attacked 
by  Doran  in  a  series  of  studies  on  the  addition  of  cobalt,  magnesium,  manga¬ 
nese,  and  cadmium  to  the  nickel  hydroxide  positive  electrode  (Refs.  25  and  25) 
Later  on  he  added  scandium  to  this  list  (Ref.  27).  The  literature  up  to  about 
1962  was  summarized  by  Casey  and  co-workers  (Ref.  28);  Figure  1  indicates 
(in  the  form  of  a  periodic  table)  the  extensive  testing  of  different  cation  addi¬ 
tions  to  the  Ni(OH)a  lattice.  The  circled  symbols  of  berium,  silicon,  and  lead 
indicate  that  in  later  work  by  Harivel  and  associates  these  three  elements  were 
the  only  additional  new  ones  tested  (Refs.  29  through  32). 
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Figure  1  Tents  of  Additives  to  Ni(OH)a  Reported  in  Literature.  (Circles  Indicate 
New  Additives  After  Casey's  Review  in  Reference  27.  Squares  Indicate 


In  spite  of  the  many  insights  into  the  structural  complexity  of  the  nickel 
hydroxide  electrode  in  Casey's  own  work  as  well  as  in  his  review,  he  still 
considered  the  status  of  the  problem  confused  in  1962.  So,  it  remains  today. 

This  may  well  be  attributed  to  the  difficulty  of  reproducing  original  electrode 
conditions  from  one  experiment  to  the  next,  especially  from  one  laboratory 
to  another.  The  positive  results  of  Casey's  study  referred  to  the  enhancement 
and  maintenance  of  electrode  capacity  ct  high  temperature  (55°C)  by  the  addition 
of  lithium  ions  to  Ni(OH)3.  Mention  of  a  beneficial  effect  of  Al  (III)  was  also 
made.  This  was  studied  systematically  by  Harivel  et  al  (Ref.  30). 

Harivel  and  Laurent  (Ref.  29)determinedbyx-ray  analysis  that  Co(OH)2 
and  Ni(OH)2were  isomorphous,  forming  solid  solutions.  By  observing  the  de¬ 
composition  of  the  higher  oxides,  they  were  led  to  believe  that  the  role  of  co¬ 
balt  was  to  stabilize  the  hydroxide  lattice  by  blocking  oxygen  diffusion.  In  the 
study  of  aluminum  addition,  nickel  aluminate  (Ref,  30),  NiAl02was  found  to 
have  a  structure  similar  to  y-NiOOH  so  that  the  aluminum  addition  may  tend 
to  maintain  the  desirable  V  structure  over  the  8-phase.  Harivel's  thesis  (Ref. 

32d  contains  a  comprehensive  overview  of  the  structural  factors,  and  distin¬ 
guishes  clearly  between  a-,  8-  and  y-Ni(OH)2,  In  addition  to  general  informa¬ 
tion  on  the  crystal  structure  induced  by  foreign  ions,  it  also  presents  magneto¬ 
chemical  evidence  for  a  nickel  +4  oxidation  state.  Yet,  in  a  detailed  performance 
analysis  of  Ni(OH)2  electrodes  with  many  different  additives  (Refs.  30  and  31) 
the  results  are  as  conflicting  as  in  Casey's  earlier  review.  Harivel  employed 
the  following  two  criteria  for  electrochemical  characterization  of  the  electrodes. 

•  Electrode  capacity  after  the  fifth  formation  cycle 

•  The  capacity  after  open-cell  stand  for  15  days  at  50°C  in  7N  KOH, 
following  a  sixth  recharge 

A  clear  distinction  of  the  effect  on  crystal  structure,  8-versus  y- phase, 
was  found,  but  the  effect  of  additives  on  capacity  was  inconclusive  and  tended 
more  nearly  to  indicate  an  adverse  result.  Previous  reports  of  beneficial 
effects,  such  as  those  of  Doran  (Refs.  25  through  27),  were  attributed  to  the 
more  lightly  impregnated  sintered  nickel  plates  of  Doran's  work  as  compared 
with  the  commercial  plates  used  by  Harivel. 


E  XP  E  K I M  £  NT  ATION 


A  major  part  of  this  work  was  the  elucidation  of  the  effect  of  additives 
on  Ni(OH),  electrodes.  This  work  effort  was  to  be  done  by  an  experimental, 
voltametric  method  in  which  electrodes  were  subjected  to  slow  linear  sweep 
voltametrv.  The  structure  of  the  electrodes  was  varied  in  a  direction  of 
increasing  physical  complexity  from  anodized  plain  polyct  ystalline  nickel 
foils  to  commercially  impregnated  sintered  plates.  The  former  would  most 
clearly  yield  results  showing  the  electrochemical  factors  of  the  electrode 
reaction,  whereas  the  latter  would  have  these  results  changed  bv  the  structural 
factors  introduced  in  the  design  of  a  practical  nickel 'cadm.um  cell. 
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Cell  Design 

The  basic  cell  design  for  the  additive  study  is  shown  in  Figure  2  and  con¬ 
sists  of  a  three-inch  outer  diameter  cast  acrylic  (or  PTFE)  tank  into  which 
the  nickel  test  electrode,  the  cadmium  counter  electrode,  and  a  reference 
electrode  are  immersed.  For  the  initial  experiments  .the  nickel  electrodes 
were  99.  99%  pure,  0.  005-inch  thick  foil  with  an  area  of  approximately  1  cm1. 
Both  platinum  and  cadmium  electrodes  were  used  as  counter  electrodes.  They 
gave  equivalent  results  so  that,  for  most  of  the  work,  a  sintered- plate  type 
cadmium  electrode  with  a  surface  of  4  cm3  was  used.  The  reference  electrode 
was  a  mercury-mercury  oxide  electrode  housed  in  5-mm  Pyrex  glass  tubing. 
Gas  bubbles  maintained  an  argon  atmosphere  above  the  electrolyte  solution. 

Test  Circuit 


Following  previous  work  (Refs.  33  and  34),  the  multipulse  circuit  of 
Figure  3  was  used  to  study  the  anodized  Ni(OH)2  films.  In  this  circuit,  the 
test  electrode  was  subjected  to  a  series  of  programmed,  constant- potential 
steps  prior  to  potentiostatic  or  galvanostatic  voltage  sweeps.  The  object  was 
to  prepare  the  nickel  electrode  by  cleaning  the  surface  electrochemically, 
adding  cobalt  or  other  impurities  in  a  controlled  manner,  then  oxidizing  the 
surface  in  alkali  to  a  state  corresponding  to  a  discharged  battery  plate 
(Ni(OH)a).  Finally,  this  was  followed  by  alternately  charging  and  discharging 
the  electrode  between  the  Ni(II)  and  Ni(III+)  states. 


The  potential  sequence  is  shown  in  Figure  4,  which  also  gives  a  typical 
voltamogram  resulting  from  the  triangular  voltage  sweep.  In  later  parts  of 
the  program,  when  the  active  electrode  material  consisted  of  formed  Ni(OH)# 
(either  by  cathodic  precipitation  or  by  impregnation  of  a  sintered  matrix),  the 
preliminary  potential  steps  were  no  longer  applicable.  Thus,  electrodes  were 
cycled  in  a  triangular  manner  immediately  on  immersion  in  the  electrolyte 
solution.  In  this  case,  it  became  important  to  observe  the  first  and  early  cycles. 


k  J1U  v<*  ktl*U  OVUV. 

to  t h f*  anodir  urn 


V*  wv  oo 


The  current/ voltage  curve  of  the  triangular  voltage  sweep  (Figure  4)  is  the 
y.  The  oscilloscope  trace  has  an  oxidation  step  corresponding 
Mi'll)  -  Ni(ili),  which  occurs  with  a  capacity  (charge) 

QA-  At  a  sweep  rate  of  dE/'dt,  it  reaches  an  anodic  peak  current  ia  and  peak 
voltage  Ea.  An  inflection  point  is  noted  when  a  second  anodic  process,  the 
evolution  of  oxygen,  becomes  noticeable.  Similarly,  the  cathodic  step  has  a 
discharge  capacity,  Qc,  and  peak  values  of  and 


Voltametric  Cycling 


As  mentioned  previously,  experiments  were  successively  performed  on 
structurally  more  complex  electrodes.  These  are  listed  in  Table  !  ,  in  se¬ 
quence  with  respect  to  the  electrode  and  the  additive  used,  to  the  electrolyte, 
and  to  the  temperature. 
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Figure  3.  Test  Circuit  for  Add' live  Study 


1.4 


Ni  —  M»(0H>2 


REDUCE  «2 
GASSING  CURRENT 


REDUCTION  OF 
SURFACE  OXIDE 


POTENTIAL  SEQUENCE 


- 

- 

Ni- 10%  Co  ALLOY 
2N  KOH 

At  </M  <—  1  AT  4 

- 

- 

_ E 

UTv/Lt  IV 

1 

H 

m 

m 

A 

* 

a  1  i  A 

1  A  1  -i 

■ 

■ 

H 

L-i _ 1 _ 1 _ i _ 

*  1 

_ L-.A. 

■T  T  T  T 

t  T  T  ^  H 

■ 

■ 

TC.OT 

T  '  *  T  I  T  ' 

1  1  (  i  j 

a  a  a  a 

- 

■4 

4  4 

1  3  A, 

\y 

F* 

U+. 

*  f  4-4-  - 

*  T  J  t  1 

T  T  T  ▼ 

T  T  T  T 

' 

- 

1 

_ 

- 

- 

Ec.« 

C 

< 

» 

200 

ifV  *5  ! 

- 1 - 

400 

Ig/HgO 

h 

TYPICAL  CYCLIC  i  v*  E  CURVE  FOR  ft 

Figure  4.  Potential  Sequence  and  Typical  \‘ 


1.2 

UJ 

*  0.8 


$  0.0 
-0.4 


;o 


Oc/Ca 

d£/Jt 


mo  gram 


Table  1 

SUMMARY  OF  VOLTAMETRIC  EXPERIMENTS 


Temperature 

Electrode  Electrolyte  _ (  - 


a 

Polycrystalline  nickel  foil 

0.  2N,  2N,  and  6N  KOH 

23* 

b 

Nickel  and  cobalt,  co¬ 
deposited  on  nickel  foil 

0.2N  KOH 

23 

c 

89.  8%  nickel,  10.2%  cobalt 
alloy 

2N,  6N  KOH 

23 

d 

Cathodic  ally  precipitated 
hydroxides 

1 00%  Nickel 

6N  KOH 

23  and  45 

10%  Cobalt** 

6N  KOH 

23  and  45 

100%  Cobalt 

2N  KOH 

23 

5%  Zinc 

6N  KOH 

23 

100%  Nickel 

SN  KOH 

containing  10g/l  ZnO 

23 

5%  Zinc 

6N  KOH 

containing  lOg/l  ZnO 

23  and  45 

5%  Aluminum 

6N  KOH 

23  and  45 

5%  Cadmium 

6N  KOH 

23  and  45 

100%  Nickel 

4.  3N  KOH  +  IN  LiOH 

23  and  45 

♦Room  Temperature 
♦♦Percent  of  cations,  remainder  nickel 

Experimental  Procedure  for  Planar  Electrodes 


All  nickel  electrodes  were  chemically  polished  before  testing  in  a  solution 
of  50  ml  HO  AC,  30  ml  HNOa,  10  ml  H0SO4,  and  10  ml  H,P04  at  90»C.  The 
samples  were  then  rinsed  in  distilled  water  free  of  dissolved  oxygen  and 
immersed  in  the  test  cell  at  a  potentiostatically  controlled  c  afro  die  potential 
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to  reduce  the  small  amount  of  surface  oxide  formed  during  the  polishing  and 
immersing  operation.  At  cathodic  potentials,  there  was  also  concurrent  gas¬ 
sing  of  hydrogen.  Subsequent  potential  steps  were  used  to  further  cleanse  the 
surface,  to  reduce  the  hydrogen  gassing  current,  and  to  oxidize  nickel  to 
Ni(0H)2.  A  triangular  potential  sweep  was  then  used  to  simulate  charge/dis¬ 
charge  cycling.  The  potential  sequence  used  in  these  preliminary  studies  is 

shown  in  4  The*  t i tti p  h ns i wrs  vnrishlp  IVInst  *ts ph j?' irrm p?if  s  p t* r* 

made  at  a  moderately  slow  sweep  rate  of  about  18.5  mv/sec,  although  at  the 
end  of  most  experiments  faster  and  slower  sweep  rates  were  also  used.  This 
experimental  procedure  is  explained  in  greater  detail  in  Table  2. 

Cycling  of  Anodized  Foly crystalline  Nickel  Foils.  Current- voltage  curves 
such  as  these  of  Figure  4  give  both  qualitative  and  quantitative  results.  The 
latter  are  obtained  by  direct  observation  and  graphical  integration  of  the 
oscilloscope  traces.  Table  3  gives  the  anodic  and  cathodic  parameters 
for  plana  nickel  foils  at  three  different  KOH  concentrations.  The  magnitude 
of  the  anodic  charge  is  in  agreement  with  previous  work  (Ref.  33)  on  nickel 
anodization.  It  was  surprising,  however,  that  treatment  in  6N  KOH  comparpd 
with  that  in  0.  2N  or  2N  KOH  did  not  increase  the  extent  of  surface  oxidation 
beyond  the  two  or  three  indicated  monolayers  of  Ni(OH)2.  It  was  expected 
that  15  to  20  such  layers  could  be  formed  on  a  planar  electrode  (as  seen  in 
Table  2),  which  woulo  have  been  equivalent  to  the  surface  oxides  on  a  battery 
plate.  Such  heavy  anodization  corresponds  to  severe  corrosion  in  alkali. 

Since  tnis  would  have  been  obtained  at  the  cost  of  losing  the  identity  of  the 
surface,  it  was  decided  to  proceed  to  cathodic  precipitation  of  the  active 
hydroxide  mass. 

A  positive  aspect  of  the  thin-film  experiments  was  the  qualitative  inter¬ 
pretation  of  the  electrochemical  reaction.  For  example,  the  following  obser¬ 
vations  were  made  in  experiments  involving  0.  2N  KOH  electrolyte: 

1.  In  the  first  10G  cycles,  the  peak  corresponding  to  the  oxidation 
of  Ni(II)  shifted  steadily  to  more  positive  values.  This  was  not 
observed  in  2N  or  6N  KOH. 

2.  Visible  oxygen  gassing  occurred  at  about  560  nr  (versus  Hg/HgO) 
regardless  of  experimented  conditions,  and  it  did  rr  change  with 
cycling. 

3.  The  extent  of  oxygen  gassing  affected  subsequent  cathodic  discharge, 
which  reached  a  maximum  at  400  to  430  mv, 

4.  With  cycle  life,  the  separation  between  the  two  oxidation  processes 
is  reduced  on  the  voltage  scale.  Thus, the  process  Ni(JI)  -Ni(III) 
becomes  more  passivated  and  finally  merges  into  the  oxygen  evolu¬ 
tion  process,  which  still  begins  with  substantial  current  density  at 
about  560  mv. 
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re  charge  ability  and 
reproducibility 


Table  3 

CYCLING  NICKEL  FOIL  ELECTRODE  AT  ROOM  TEMPERATURE 


Cycle 

No. 

Sweep 

Rate 

(mv/eec) 

Scanned  Range 
(mv)* 

O 

Anodisation 

Cathodization 

Efficiency 

(QC/QA) 

Peek  At 

Current  Volume 
(mi/cm1)  (mv) 

Anodic 

Charge 

fonC/cm1) 

Peak 

Current 

(mi/cm1) 

At 

Voltage 

(mv) 

Cathodic 

Charge 
(mC/cm*  ) 

Electrolyte 

—  0.  3N  KOH 

I 

18.5 

- 

0.24 

520 

” 

0.  13 

434 

- 

- 

10 

18.5 

-184  to  +558 

0.30 

495 

1.01 

0.35 

430 

0.  84 

0.  84 

117 

13.5 

-202  to  +552 

0.63 

523 

1.  64 

G.  82 

418 

1. 5*1 

0.  94 

245 

18.5 

-194  to  +588 

0.  72 

525 

1.66 

0.75 

415 

1.  50 

0.  90 

940 

18.  5 

- 1 94  to  +554 

0.  83 

518 

1. 58 

0.  51 

411 

1. 37 

0.  8B 

1003 

2.  98 

-194  to  +557 

0.26 

508 

1. 91 

j.  11 

420 

1. 47 

0.  77 

1020 

100 

-162  to  +593 

2.  66 

540 

1.  52 

2.  05 

395 

1. 43 

G.  94 

Electrolj  te 

—  2N  KOH 

i 

18.  7 

--to  +582 

0.  18 

53  8 

- 

- 

- 

- 

- 

5 

18.7 

-183  to  +567 

0.  17 

523 

0.  64 

0.  39 

425 

0.  46 

0.  72 

12 

18.7 

-183  to  +566 

0.  23 

525 

0.  73 

0.  51 

423 

0.  63 

0.  86 

25 

18.7 

-185  to  +585 

0.31 

528 

0.  8f 

0.  57 

420 

0.  75 

0.  84 

123 

18.7 

-176  to  +572 

0.  72 

532 

1.28 

0.  62 

420 

0.  89 

0.  70 

1007 

18.7 

-179  to  +574 

0.95 

•j08 

1.21 

0.  35 

398 

0.  96 

0.  79 

1012 

2.97 

-224  to  +537 

0.21 

4  98 

1. 52 

0.  076 

398 

1. 07 

0.  70 

1023 

92.8 

-174  to  +567 

3.  17 

514 

1. 02 

1.  46 

391 

0.  98 

0.  93 

Electrolyte 

6N  KOH 

1 

13.  6 

-  to  +572 

0.  35 

4«5 

- 

0.  27 

401 

- 

5 

18.  5 

-;e :  to  +572 

0.  41 

480 

1.  29 

0.  40 

*02 

0.  98 

0.  76 

10 

18.6 

-IP',  to  +570 

0.  48 

483 

1.  39 

0.  43 

400 

1.  07 

0.  77 

30 

18.  6 

-182  to  +574 

0  78 

507 

1.67 

0.  44 

410 

1.  1  1 

0.  86 

105 

18.  0 

-205  to  +55 J 

0.  94 

510 

I.  82 

0.  39 

41  1 

1.  U 

0.  61 

1  13 

378.  0 

-194  to  +582 

8.  43 

516 

l.  06 

4.  86 

+  00 

1.01 

0.  95 

212 

18.  9 

-2’ 8  to  +540 

0.  82 

502 

1.  49 

9  27 

409 

0.  9.3 

0.  62 

1005 

18.  6 

-215  to  +539 

1.  87 

497 

2.  68 

0.  44 

3  £3 

1 .  57 

0.  58 

!  0  i  3 

2.  92 

-  233  to  *525 

0.  63 

491 

3.  61 

0.  080 

3  96 

1.3  5 

0.  37 

l  03  •» 

i  on 

-  176  10  *563 

3.  75 

505 

1.  92 

1  .  23 

3  9" 

1  .  84 

0.  85 

*  Ml  rr**surc-j  '.ereu*  Hg  HfO  reference  electrode 
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Cycling  of  Anodized  Electrolytically  Deposited  Nickel-cobalt  Layers,  The 
metals  were  eodeposited  on  the  same  99.  91%  pure  nickel  foil  used  in  the  thin 
film  work  described  in  previous  paragraphs.  The  procedure  of  Vagramyan 
and  Fatueva  (Ref.  35)  was  modified  so  as  to  avoid  appreciable  hydrogen  evo¬ 
lution.  Electrolytic  deposition  was  performed  at  -650  mv  (versus  NHE), 
with  potentiostatic  control  from  a  solution  of  1  M  NiSO*  and  0.25  M  C0SO4 
at  a  pH  of  1.9.  An  example  of  voltametric  cycling  of  such  an  electrode  is 
illustrated  in  Figure  5*.  After  completion  of  the  preliminary  stepping  se¬ 
quence,  the  electrode  was  cycled  in  0.2N  KOH  with  continuous  argon  purg¬ 
ing  at  a  potential  sweep  rate  of  18.  5  mv/sec,  with  a  range  of  -180  to  +560 
mv  (versus  the  Hg/HgO  reference  electrode**)  and  at  room  temperature. 

The  test  electrode  area  was  1  cm2,  with  the  counter  electrode  area  being 
4  cm2.  Figure  5a  shows  the  current- voltage  behavior  for  Cycle  42.  The 
trace  for  Cycle  975  is  in  Figure  5b.  After  extensive  cycling,  the  curves 
have  the  appearance  of  that  of  Cycle  4105  (Figure  5c),  after  which  little 
further  change  occurred  even  beyond  Cycle  7000. 

The  appearance  of  two  anodic  and  cathodic  peaks  instead  of  one,  which 
would  be  expected  for  a  solid  solution  of  Ni(OH)iand  Co(OH)t,led  to  the  con¬ 
clusion  that  the  microstructure  of  the  deposit  was  not  homogeneous  enough 
for  the  purpose  of  this  study  and  that,  in  effect,  separate  surface  patches  of 
nickel  and  cobalt  were  dealt  with.  Electron  microbeam  scanning  of  the  sur¬ 
faces  was  inconclusive.  However,  since  the  behavior  of  these  electrodes 
varied  from  one  eleclrodeposited  electrode  to  the  next,  this  lack  of  reproduc¬ 
ibility  and  the  availability  of  a  nickel- cobalt  alloy  led  to  the  alloy  study. 

Cycling  of  Anodized  Nickel- cobalt  Alloy.  Cobalt  and  nickel  form  a  continuous 
series  of  solid  solutions  (Ref.  36).  Thus,  the  thin  film  study  was  continued 
with  experiments  on  metallurgically  prepared  alloys.  Melted  nickel  and  co¬ 
balt  were  forged,  hot  and  cold  rolled,  and  heated  to  900°  C  in  hydrogen.  The 
resulting  alloy  was  a  solid  solution  of  89.  8  weight  %  nickel  and  10.  2  %  cobalt. 
Voltametric  cycling  did  not  show  the  double  peaks  of  electrodeposited  films. 
Therefore,  it  was  confirmed  that  these  double  peaks  were  caused  by  isolated 
patches  of  \i(OH)2  and  Co(OH)j,  and  that  those  results  with  electrodeposited 
electrodes  did  not  represent  the  behavior  of  a  nickel  electrode  with  cobalt 
additive. 

The  voltameiric  data  on  alloy  cycling  in  Table  4  should  be  compared  with 
those  of  pure  nickel  thin  film  electrodes  in  Table  3.  Both  sets  of  experiments 


*In  comparing  the  oscillograph  traces  with  recorded  and  tabulated  data, 
allowance  must  be  made  for  a  calibration  correction  factor  for  the  oscillo¬ 
scope  voltage  trace,  which  varied  from  20  to  40  mv  and  was  measured  for 
each  individual  trace. 

*  *Thc  reference  electrode  Hg  HgO  had  a  potential  of  +0.  924  +0.  002  v  versus 
a  normal  hydrogen  electrode  in  the  same  solution. 
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Voltameiric  Cycling  of  Anodized.  Klectrolyticall 
Co-deposited  Nickel -cobalt  Klectrode 


Table  4 


CYCLING  OF  90i  NICKEL  --  10«COLALT  ALLOY  FOIL 
AT  ROOM  TEMPERATURE 


Agodugttgg _  C»thodU>Uoo 


Cycle  No. 

Switp 

Hat* 

(mv/Mc) 

Sc«AO*d  R&Af« 
(m»)» 

— K3“ 

Curr.ot 

<bm /ca*> 

At  Anodic 

VotUf*  CStr|t 

(mv)  (BC/ea^ 

Paak 

Carr  HU 
(w/cm*) 

At 

VolUft 

(mv) 

Cathodic 

Chart* 

(mC/cm*) 

EffldiB£v 

(<Jc/Qa) 

Electrolyte  -- 

0.  3N  KOH 

1 

18.  5 

-202  to  +542 

0.24 

490 

- 

0.04 

Jt7 

- 

-- 

10 

18.  5 

-188  to  >385 

0.  21 

484 

1.1) 

0.  18 

388 

0.  14 

0.  57 

25 

18.5 

-204  to  >544 

0.  28 

487 

1.04 

0.  22 

411 

9.  12 

0.  78 

200 

18.  5 

-1M  to  *ii» 

0.  34 

503 

0.  78 

0.  52 

407 

0.  72 

0.  82 

1032 

18.  5 

-194  to  >580 

C.  81 

514 

0.85 

0.  57 

403 

0.  71 

0.82 

1040 

2.  91 

-210  to  -54* 

0.  32 

502 

1.  77 

0.21 

418 

1.71 

0.  87 

1055 

98.  3 

-152  to  >585 

1.  28 

540 

1. 48 

2.  18 

387 

1.  48 

1.03 

fc3  *c  t  ru 

*r*  -- 

»N  KOH 

1 

30 

18.  5 

- 174  to  >58° 

0.  94 

>308 

2.  it 

0.  80 

40# 

1.  83 

0.  57 

200 

18.5 

-174  to  549 

1.39 

504 

2.  39 

0.  80 

404 

2.33 

0.80 

93! 

18.  5 

-182  U  *570 

2. IS 

sot 

2.15 

0.  88 

385 

2.2* 

0.  80 

load 

18.  5 

-185  U  >688 

2.50 

308 

2.  M 

0.88 

388 

2.  52 

0.17 

10.. 

2.  88 

-201  to  >554 

0.  82 

495 

5.M 

0.21 

388 

3.  05 

0.55 

1054** 

98  3 

- 175  to  >582 

8.  84 

3. 

2  2.33 

3.  04 

388 

2.  01 

0.  18 

Electrolyte  -- 

8N  KOH 

l 

18.  7 

-207  to  >550 

** 

481 

2.78 

-- 

384 

0.  008 

0.  003 

14 

!  8.  7 

-207  to  >349 

- 

481 

2.  51 

-- 

381 

0.  30 

0.  12 

25 

18.  7 

-207  to  *346 

0.  49 

487 

2.  22 

0.  If 

388 

0.  73 

0.33 

109 

18.  7 

-220  to  *537 

0.  88 

489 

1.37 

0.  19 

387 

1.  10 

0.  80 

200 

18.  7 

-  225  to  *530 

0.  84 

481 

1.21 

0.  18 

383 

0.  48 

0.  55 

1005 

18.  7 

202  to  *558 

0.  72 

497 

2.  13 

0.  14 

388 

3 .  04 

v.  98 

IOC? 

2  95 

-237  to  *534 

0.  19 

489 

3.  79 

0.  983 

372 

2.88 

0.  78 

I  0!  4 

100 

-173  to  *570 

1  84 

31* 

5.12 

0.  71 

380 

49 

1.31 

*AJi  r^e*»vire<J  Hf  HfO  reference  electro^** 

•  *  S*#  K:f,  :  *  4 


were  performed  at  room  temperature  and  with  0.  2N,  2N,  and  6N  KOH  elec¬ 
trolytes .  The  following  observations  were  made  of  the  oscillographs  and  the 
tabulated  data: 

1.  Peak  Voltages.  For  the  alloy  electrode  in  0.  2N  KOH.  the  peak 
voltage  of  the  anodic  process,  tia,  increases  with  cycling.  This 
may  reflect  a  preferential  charge  and  discharge  of  Ni(OI!)8,  which 
gradually  displaces  Co(OH),  at  the  electrode  surface  or  an  irre¬ 
versible  oxidation  of  cobalt  (refer  to  paragraph  4  below).  The 
effect  is  absent  at  higher  electrolyte  concentrations,  but  is  also  noted 
to  a  lesser  degree  for  the  nickel  electrode  in  0.  2N  KOH.  Cathodic 
peaks  remain  unchanged  in  all  cases. 

2.  Peak  Currents.  These  were  about  the  same  except  for  the  2N  KOH 
electrolyte,  in  which  pure  nickel  had  a  small  anodic  current.  In  the 
same  electrolyte,  the  alloy  electrode  had  exceptionally  high  anodic 
and  cathodic  currents. 

3.  Capacities.  The  larger  peak  currents  for  the  alloy  in  2N  KOH  are 
also  reflected  in  larger  anodic  capacity,  Q^.  In  Figure  6,  values 
for  nickel  and  alloy  thin  film  electrodes  are  compared.  These  data 
indicate  at  least  an  initial,  larger  capacity  for  the  alloy  electrodes. 
But  the  effect  of  surface  roughness  must  be  considered.  The  chem¬ 
ical  polishing  before  each  experiment  produced  a  very  smooth  elec¬ 
trode  surface,  with  an  approximate  surface  roughness  of  1 .  1  for 
nickel.  The  polish  is  applicable  to  nickel,  and  its  effect  on  the  alloy 
was  expected  to  be  the  same.  It  is  possible  that  cobalt  would  be 
etched  to  a  greater  extent  than  nickel;  but,  since  it  was  present  in 
smaller  proportion  and  was  in  solid  solution  with  nickel,  it  was 
assumed  that  the  alloy  electrodes  were  nearly  as  smooth  as  the  pure 
nickel  electrodes.  In  any  case,  cycling  produced  more  surface 
roughening  which  resulted  in  an  increased  apparent  current  density, 
at  least  in  the  case  of  6N  KOH  electrolyte. 

4.  Oxygen  Evolution.  In  Tables  3  and  4  it  is  seen  that  Q  v  was  con¬ 
sistently  larger  than  Qc  .  If  these  re,  resented  the  oxidation  and 
reduction  of  Ni(II)  and  Ni(III)  hydroxides,  respectively,  then  the  dif¬ 
ference  between  and  Qc  was  caused  by  the  formation  of  oxygen. 
Because  of  the  very  limited  amount  of  effective  active  mass  in  thin 
film  electrodes,  the  relative  effect  of  oxygen  evolution  on  cycling 
thin  film  electrodes  is  larger  than  in  experiments  with  thicker  elec¬ 
trodes,  to  be  described  later.  As  a  consequence,  the  efficient  v, 
Q(;/y.yis  substantially  smaller  than  one.  The  experiments  indicate 
that  after  early  cycling,  which  may  be  taken  as  a  conditioning  period 
for  the  alloy,  the  efficiency  achieved  by  the  alloy  electrode  was  greater 
in  later  cycles  than  that  of  pure  nickel  electrodes.  With  one  excep¬ 
tion,  Table  5  shows  that  the  values  of  the  last  column  representing 
oxygen  evolution  are  larger  for  nickel  than  for  alloy  thin  film  elec¬ 
trodes.  A  significant  conclusion  to  be  drawn  from  these  data  is  that 
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Tabic  5 


OXYGEN  EVOLUTION  AS  FUNCTION  OF  ELECTROLYTE 
CONCENTRATION,  SWEEP  RATE,  AND  ADDITION  OF  COBALT 


Electrolyte  Electrode 

P  if/'l  « 

—  J 

No. 

Sweep 

n  _  * 

(mv/sec) 

Anodic  Charge 

Not  Discharged 

l(Qa-Qc)/Qa!  *  loo 
(%) 

0.2N  KOH 

Ni* 

1003 

2.  96 

30 

940 

18.5 

14 

1020 

100.  0 

6.  3 

Ni/Co** 

1040 

2.91 

15 

1032 

18.5 

9.0 

1055 

98.3 

-  2.0 

2N  KOH 

Ni 

1012 

2.97 

42 

1007 

18.  7 

26 

1023 

92.6 

49 

Ni/Co 

1026 

2.88 

86 

1020 

18.5 

14 

1054 

98.32 

16 

6N  KOH 

Ni 

1013 

2.92 

179 

1005 

18.6 

71 

1039 

100.  0 

17 

Ni/Co 

1009 

2.95 

31 

1005 

18.7 

4.4 

1016 

100.  0 

-  25 

*99.  9  IT  Nickel 

**89.  8T.  NT,  10.  2T  Co  alloy 

***Negative  values  indicate  la 

rger  r 

athodir  ’han  anodic 

charge 

20 
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the  presence  of  cobalt  reduces  oxygen  evolution.  This  effect  is  clear 
at  about  Cycle  1000.  It  may  be  masked  by  irreversible  oxidation  of 
cobalt  at  cycles  below  200. 

It  should  also  be  noted  that  oxygen  evolution  was  an  inverse  function 
of  sweep  rate.  This  reflects  the  previously  known  fact  that  oxygen 
evolution  is  largely  independent  of  the  charging  rate  of  the  positive 
nickel  electrode,  being  primarily  dependent  on  the  electrode  poten¬ 
tial  or  overpotential  so  that  fast  charging  is  more  efficient  than 
slow  charging. 

Voltameirie  Cycling  of  Cathodically  Precipitated  Hydroxide  Electrodes.  The 
bulk  of  the  present  work  cn  additives  to  the  Ni(OH)„  electrode  was  performed 
with  cathodicallv  precipitated  hydroxide.  In  this  process,  the  active  material 
is  precipitated  on  a  nickel  matrix  as  cathodic  polarization  increases  the  pH 
in  the  immediate  vicinity  of  the  electrode.  The  process  without  additives  is 
fully  described  by  Hausler  (Ref.  37),  McHenry  (Ref.  38).  and  uy  Bode  and 
his  co-workers  (Ref.  7). 

According  to  Bode's  procedure,  the  hydroxides  were  precipitated  from 
0.  IN  nitrate  solutions  on  cathodically  polarized,  sandblasted,  pure  nickel  foil 
substrates.  The  surface  area  of  the  substrate  was  8  cm2.  The  deposition 
occurred  at  1  ma/cms  for  30  minutes  at  room  temperature.  Electrodes  with 
0.  5  to  0.  6  cm3  surface  area  were  then  prepared  and  cycled  in  6N  KOH*.  Ex¬ 
perimental  conditions  of  the  linear  triangular  vcltage  sweep  experiments  and 
their  results  (magnitudes  of  voltages,  current  density,  and  charge  capacity 
of  both  anodic  and  cathodic  processes)  are  given  in  Table  6.  Table  6  is  di¬ 
vided  into  the  following  six  parts  according  to  the  active  electrode  material: 

1.  100%  Ni(OH)t 

2.  Added  Co(OH)a  *nd  100%  Co(OH), 

3.  Z.’dOH),  added  tc  the  active  mass  and/or  to  the  electrolyte 

4.  Added  Al(OH), 

5.  Added  Cd(OH)a 

6.  100%  Ni(OH)g  cycled  in  electrolyte  containing  LiOH  as  well  as  KOH 

The  follow  mg  observations  are  pertinent  to  the  additive  study  in  the  light 
of  the  voltametric  result?  compiles  in  Table  6.  As  previously  noted ,  the  anodic 
capacity,  of  linear  sweep  voltametric  cycles  can  be  identified  with  the 
charge  acceptance  of  an  electrode,  and  the  cathodic  capacity,  Q^,  with  the 
discharge  of  a  nickel  positive  electrode.  The  charge  efficiency  or  charge 
retention  and  the  ability  of  the  electrode  to  deliver  charge  are  as  important 
as  the  electrode  capacities.  Strictly  speaking,  charge  retention  should  be 
examined  as  a  function  of  the  -duration  of  the  GZ'Pn  circuit  period  prior  to  cell 

*100%  Ni(OH)sand  100%  Cot  OH),  eieetrodes  were  also  cycled  in  2N  KOH, 
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Table  6 

CYCLIC  VOLTAMETRY  OF  CATHODICALLY  PRECIPITATED  Ni(OH)a  ELECTRODES 
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Table  6  (Cont’d) 

CYCLIC  VOLTAMETRY  OF  CATHODICALLY  PRECiPITATED  Ni(OH)2  ELECTRODES 


Table  6  (Cont'd) 

CYCLIC  VOLTAMETRY  OF  CATHODICALLY  PRECIPITATED  Ni(OH),  ELECTRODES 


Electrode  6a  --  lOOTo  Ni(OH>^  0.  6  30  cm*.  I.  3X  KOII  <  IN'  l.iOII.  2TC 


♦No  distinct  anodic  peak 
♦♦Cathodic  peaks  after  cycle  1000:  ±  30  mv 


discharge.  In  the  voltametric  procedure  employed,  however,  the  e>®c+T,cdc 
is  immediately  discharged  after  charging.  The  charge  and  discharge  processes 
under  these  conditions  can  be  compared  from  the  tabulated  data.  The  column 
in  Table  6  headed  "Cathodization"  refers  to  the  cathodic  discharge  process 
where  Qq  should  be  compared  with  the  anodic  charge  capacity,  Q^,  to  deter¬ 
mine  the  cycling  efficiency  of  the  electrode.  Qq/Qa  is  a  direct  measure  of 
this  efficiency.  Its  value  approaches  100%  in  these  tests  after  the  conditioning 
resulting  from  earlier  cycles,  i.  e..  Cycles  10  to  100,  depending  on  the  parti¬ 
cular  electrode. 

Such  aspects  of  the  experimental  results  are  treated  separately  below. 

In  general  terms,  despite  the  increasing  structural  complexity  of  the  active 
material  in  going  from  anodized  single  crystals  of  nickel  and  polycrystalline 
nickel  foil  to  cathodically  precipitated  Ni(OH)a,  the  main  features  of  the  i-E 
curves  remained  the  same.  This  reflects  the  fact  that  cyclic  voltametry  is 
suitable  for  analyzing  electrode  reactions  from  a  purely  electrochemical  point 
of  view.  While  complications  were  anticipated  as  the  electrode  structure  be¬ 
comes  more  complex,  it  is  remarkable  that  a  nickel  foil  with  approximately 
two  monolayers  of  Ni(OH)a  gave  a  result  similar  to  that  of  a  2-y  thick,  cath¬ 
odically  precipitated  Ni(OH)a  layer.  Small  but  noticeable  differences  can  be 
attributed  to  the  structure  of  the  precipitated  Ni(OH)a. 

Figure  7  shows  the  initial  cycles  (1  and  2)  for  pure  Ni(OH)a  and  for  90% 
Ni(OH)a  +  10%  Co(OH)„  electrodes  in  6N  KOH  at  45°C.  In  each  case,  the 
larger  anodic  peak  is  that  of  the  first  cycle,  and  the  second  peak  for  Cycle  2 
is  at  a  much  lower  potential  and  has  only  a  fraction  of  the  initial  capacity. 
Cathodic  peaks  for  Cycles  1  and  2  are  identical  for  the  co-additive  electrode, 
but  they  are  different  for  the  pure  Ni(OH)a  electrode.  In  the  latter  case,  a 
significant  decrease  in  Qc,  or  discharge  capacity,  is  noted  between  the  first 
and  second  discharge. 

Figure  8  shows  the  fn  st  two  cycles  of  the  co-additive  electrode  in  greater 
detail.  Dashed  lines  indicate  the  approximate  charge  corresponding  to  the 
cathodic  precipitation  and  the  subsequent  anodization  of  Cycles  1  and  2.  Inte¬ 
grating  under  the  curves  gives  the  following: 

1.  Efficiency  of  cathodic  precipitation  = 

Equivalent  of  active  mater,  T  deposited 
Number  coulombs  used  in  cathodic  precipitation 

n  ......  ,  Charge  used  in  oxidation  of  Ni(Il) 

2.  I  tilization  =  — - “ - — — - -  -  - 

Equivalent  of  active  material  deposited  (Q) 

3.  Cvcle  efficiency  = 

<Q\) 

iypical  values  ot  about  92  f  tor  No.  1  can  be  explained  by  the  loss  of  charge 
ir.  cathodic  impregnation  (Ret.  3 9»  during  reduction  of  nitrate  to  lower-valent 
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Figure  7.  Oscillograms  of  First  (a)  and  Second  vb)  Cycle 
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Figure  8.  Oscillograms  of  First  and  Second  Cycle  (Drawing) 


nitrogen  species  which,  in  turn,  produces  the  necessary  OH”  ions  for  cathodic 
precipitation,  but  not  necessarily  in  equivalent  amounts.  The  value  of  No.  2 
is  rather  approximate  because  a  possible  10%  uncertainty  exists  in  the  estimate 
ofQ.  Values  less  than  100%  v/ere  anticipated  as  a  result  of  possible  active 
material  isolation  or  the  lack  of  contact  of  certain  deposited  particles  and  the 
passivation  of  others.  The  very  low  efficiency  of  the  first  cycle  Q^/Q^  is 
surprising  and  is  related  to  the  electrode  structure  and  the  insulating  properties 
of  Ni(OH)a . 

Bode  (Ref.  7),  Harivel  (Ref.  32)  and  their  co-workers  have  drawn  atten¬ 
tion  to  the  structure  of  a  -  Ni(OH)*  which  is  obtained  by  electrochemical 
cathodic  deposition  technique.  Bode  observed  that  the  conversion  to  0  or 
Y-Ni(OH)2  is  a  function  of  temperature  and  alkali  concentration.  For  example, 
in  6  to  9N  KOH  at  S0°C  a  few  hours  are  required  for  the  conversion.  In  the 
pres  nt  experiment,  this  change  occurs  between  Cycles  1  and  2,  indicating 
that  the  a-phase  is  oxidized  in  Cycle  1  and  is  almost  completely  converted 
to  0-phase  before  the  start  of  Cycle  2.  It  may  be  concluded  that  the  anodic 
oxidation  greatly  accelerates  the  conversion. 

A  chemical  analog  of  this  aspect  of  Ni(OH)a  structure  is  found  in  the  work 
of  Klyukina  (Ref.  40).  Studying  the  surface  and  structure  of  Ni(OH)a,  she  found 
that  the  primary  structure  of  the  active  mass  gradually  crystallizes  at  various 
stages  of  the  chemical  preparation  of  Ni(OH)a.  Exposure  of  the  precipitate  to 
alkali  at  elevated  temperature  or  precipitation  at  high  temperature  from  con¬ 
centrated  KOH  solutions  were  most  effective  in  increasing  crystallite  size. 

Later  work  showed  that  initially  formed  Ni(OH)a  contained  molecular  water, 
some  adsorbed  and  some  absorbed  and  incorporated  into  the  structure  by 
hydrogen  bonds  (Ref.  41).  Compaction,  crystallization,  and  elimination  of 
molecular  water  are  additional  and  concurrent  changes  to  the  phase  trans¬ 
formation  a  -.g-  or  a -•  Y -Ni(OH)a,  which  are  responsible  for  the  decrease  in 
electrode  capacity  shown  in  Figures  7  and  8. 

The  method  used  to  prepare  electrodes  does  not  ensure  that  exactly  equal 
amounts  of  active  material  ar*  precipitated  in  experiments  with  and  without 
added  Co(OH)a.  Even  the  reported  Co(OH)a  content  is  based  on  the  amount 
of  Co(N03)a  present  in  the  solution  from  which  the  hydroxides  are  precipitated. 

Nevertheless,  electrodes  with  the  addition  of  cobalt  have  shown  consistently 
higher  capacity  at  room  temperature  than  pure  Ni(01i);)  electrodes.  This  effect 
is  evident  at  2N  and  6N  KOH  and  can  be  most  clearly  Set  c  in  four  preliminary 
voltametric  experiments.  Figure  9  comDares  the  charge  acceptance  (anodic 
charge  Q  A)  of  electrodes  with  and  without  added  10%  Co(OH)  in  2N  and  6N  KOH 
at  room  temperature. 

While  the  charge  efficiency  Qa  QC*  was  consistently  at  or  above  90%,  the 
absolute  magnitude  of  and  Qc  was  larger  for  electrodes  containing  cobalt. 
This  difference  was  particularly  pronounced  between  Cycles  200  and  1000,  as 
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Figure  9.  Anodic  Charge  in  Voltametric  Cycling  at  Room  Temperature  With  and  Without  10%  Added  Cobalt 


can  be  seen  in  Figure  9.  Comparison  also  showed  a  more  rapid  deterioration 
of  both  types  of  electrodes  in  the  more  concentrated  6N  KOH  electrolyte. 

A  similar  behavior  is  shown  by  the  temperature  dependence  of  electrodes. 
At  room  temperature,  cobalt- containing  electrodes  had  about  twice  the  capac¬ 
ity  of  equivalent  pure  nickel  hydroxide  electrodes  after  1000  cycles.  At  45°C, 
the  pure  nickel  electrode  lost  capacity  very  rapidly  with  cycling  up  to  about 
Cycle  200,  at  which  point  only  about  10%  of  the  original  electrode  capacity  could 
be  cycled.  Under  the  same  conditions,  a  cobalt- containing  electrode  could  be 
cycled  well  beyond  1000  cycles  before  its  reversible  capacity  was  reduced  to 
this  extent.  This  is  illustrated  in  Figure  10  and  in  Table  6  by  comparison  of 
Sections  la  and  lb  (100%  Ni(OH)a)  with  Sections  2a  and  2b  (10%  Co(OH)a  added). 

Thin- film  electrodes  showed  lower  anodic  and  cathodic  peak  voltages  for 
electrodes  containing  Co(OH)a  in  0.  2N  KOH.  This  distinction  was  no  longer 
observed  in  cathodically  precipitated  electrodes.  A  more  meaningful  voltage- 
mark  is  the  potential  at  the  start  of  anodic  oxidation  of  Ni(II)  to  Ni(III)  or  that 
of  Ni(II)  +  Co(II)  solid  solutions.  This  value  varied  only  slightly  in  each  cycling 
experiment  and  was  for  pure  Ni(OH)s,  390  to  420  mv  versus  Hg/HgO*  and  for 
added  10%  Co(OH)a.  280  to  310  mv. 

The  same  general  observation  on  sweep  rates  noted  for  the  thin- film 
electrodes  noted  above  is  also  valid  for  cathodically  precipitated  electrodes; 

i.  e.  ,  charge  efficiency  improves  with  faster  sweep  rates.  In  addition,  more 
charge  is  accepted  during  slow  sweep  rates  than  during  faster  ones. 

Cathodically  precipitated  ’00%  Co(OH)a  electrodes  were  also  cycled  volt- 
ametrically  at  room  temperature  in  2N  KOH  for  the  purpose  of  comparison 
with  analogous  Ni(OH)3  electrodes.  The  follow  mg  observations  on  the  behavior 
of  pure  cobalt  electrodes  were  made  (refer  to  Table  6,  Section  2c): 

1.  Lower  anodic  potentials  for  Co(II)  going  to  Co(III) 

2.  The  passivated  state  of  the  electrode  extended  over  approximately 
300  mv  negative  with  respect  to  oxygen  evolution 

3.  On  cycling,  the  peak  current  of  oxidation  gradually  shifted  *o  more 
positive  potentials,  indicating  a  mixed  potential  with  Ni(OH)3 

4.  Although  nickel  is  present  only  as  a  substrate  below  approx  imatelv 
2  pm  Co(OH)3,  there  was  evidence  for  N’i(ll)  to  Ni(IIl)  anodization 
after  about  30  cycles 

5.  was  no  larger  than  that  of  equivalent  electrodes  containing 
Ni(OH)a,  but  it  remained  more  nearly  constant  with  cycling.  Also, 
the  charge  efficiency.  Q(j  Q  \.  wasabout  the  same  as  that  of  other 
precipitated  electrodes 
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6  Fast  sweep  measurements  showed  that  cobal*  anodization  has  a  high¬ 
er  degree  of  irreversibility  than  nickei 

7.  In  Table  7,  oxygen  evolutio'  potentials  are  compared  at  three  dif¬ 
ferent  sweep  rates.  Voltages  are  measured  on  oscillograph  traces 
which  have  precision  of  only  about  ±10  mvt  Within  this  precision, 
the  overvoltage  of  oxygen  evolution  v/as  the  same  for  Co(OH)a  and 
MuOH)s  electrodes.  The  values  are  taken  from  the  oscillograms 
where  the  trace  crosses  the  zero-current  line.  Since  there  may  be 
a  small  contribution  of  Ni(III)  reduction  to  this  trace,  the  overvoltage 
values  represent  a  minimum.  The  actual  values  could  be  as  much  as 
20  mv  larger  than  those  reported  in  Table  7. 

Table  7 

OXYGEN  EVOLUTION  POTENTIALS  AT  Ni(OH)a  and  Co(OH)a  ELECTRODES 

IN  KOH  AT  ROOM  TEMPERATURE 


Ni(QH)a  _  _ Co(OH)a 


Sweep  Rate 
(in  v/ sec) 

Cycle 

No 

Voltage 

(mv*) 

Sweep  Rate 
(mv/sec) 

Cycle 

No 

Voltage 

(mv*) 

Slow 

2.  90 

1016 

538 

2.  92 

920 

541 

Medium 

18.  1 

1010 

564 

18.  8 

907 

558 

Fast 

SO,  1 

1042 

592 

100,  0 

93  b 

573 

♦Measured  versus  Hg/HgO  to  obtain  oxygen  overvoltage  subtract  307  mv. 


Quantitative  anal*  "ir  of  cobalt  in  active  material  was  difficult  because  it 
was  present  only  in  >_  .titles  of  the  order  of  100  pg/cm2.  Atomic  absorption 
and  x-ray  fluorescence  were  used  as  two  separate  methods  for  determining 
cobalt.  First  attempts  at  atomic  2  sorption  gavr  uncertain  results  because 
substrate  nickel  was  digested  with  the  solution,  and  cobalt  impurities  In  the 
nickel  substrate  (0.  055%)  were  of  the  same  order  of  magnitude  as  the  cobalt 
additive  itself.  Later  on,  a  method  devised  by  H.H.  Krtiger  (Battery  Busi¬ 
ness  Section,  General  Electric  Company,  Gainesville,  Florida)  v/as  used  to 
remove  active  Ni(H)  and  Co(II)  from  the  substrate  without  introducing  the  sub¬ 
strate  into  the  sample  to  be  analyzed. 

The  results  are  shown  in  Table  8.  The  weights  are  given  in  terms  of  the 
total  weight  for  a  2-  :m  by  4- cm  sample  ol  nickel  substrate  foil,  0.  0125  cm 
thick.  The  nominal  values  are  based  on  the  assumption  that  in  a  mixed  solu¬ 
tion  of  NUNOg)^  and  Co(NOn)s  equivalent  amounts  of  Ni(OH)2  and  Co(OH)2  are 
precipitated.  This  need  not  be  true,  and  it  appears  from  the  data  of  Table  8 
that  the  process  favors  precipitation  of  cobalt.  The  starting  material, 
Ni(N03)2,  was  also  tested  for  cobalt  impurities  and  was  found  to  contain  no 
measurable  quantity  of  cobalt. 
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Table  8 


COBALT  ANALYSIS  BY  ATOMIC  ABSORPTION 


Sample 

Weight  of  Co 
(mt/ sample) 

Weight  of  Ni 
<ug/ sample) 

Total 
(corrected 
for  blank) 

Amount 

Nominal 

of  Co  (4) 
Found 

Blank  Solution 

0 

45 

45 

-- 

-- 

Blank  Solution  + 

Nickel  Substrate 

0 

258 

258 

-- 

-- 

27c  Co(OH),  Nominal 

60 

2663 

2465 

1.  1 

2.4 

57c  Cot  OH;,  Nominal 

150 

2110 

1992 

2.7 

7.  5 

107c  CotOIl),  Nominal 

320 

2313 

2375 

5.  4 

13.  5 

X-ray  fluorescence  analysis  (Table  9)  was  performed  in  an  electron  mi¬ 
croprobe,  which  also  yielded  photographs  of  backscattered  elecl»*on  and  x-ray 
scans  showing  a  uniform  distribution  of  nickel  and  cobalt  in  the  active  elec¬ 
trode  material. 

Table  9 

COBALT  ANALYSIS  BY  X-RAY  FLUORESCENCE 


X-ray  Counts/ 100  Seconds 

Amount  of  Cobalt  (%) 

Sample 

Ni 

Co 

Nominal 

Found 

Standards 

Nickel  metal 

183,678 

617 

-- 

-- 

Cobalt  metal 

616 

138,403 

-- 

-- 

Co(OH)2  on  Nickel 

3U 

3138 

126,483 

-- 

-- 

3y 

703 

129,494 

-- 

-- 

Ni(OH)a  on  Cu(3p) 

99,800 

403 

•- 

-- 

Unknowns 

1%  Co(OH)a  nominal 

111,625 

2478 

0.  62 

2.4 

2%  Co(OH)2  nominal 

117,049 

3121 

1. 1 

2.9 

5%  Co(OH)2  nominal 

112,772 

8370 

2.7 

7.0 

10%  Co(OH)a  nominal 

81,055 

10,233 

5.4 

8.  5 
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These  results  show  a  considerable  uncertainty  in  the  total  amount  of 
cations  found  in  the  active  mass  of  the  electrode.  Therefore,  it  was  preferred 
to  report  the  compositions  in  terms  of  the  nitrate  solutions  from  which  the 
active  mass  was  cathodically  precipitated.  However,  the  results  in  Tables  8 
and  9  indicate  that  reported  values  may  be  minimum  values  of  cobalt  concen¬ 
tration  and  that  actually  a  greater  amourn  of  cobalt  may  have  been  present. 

Whereas  the  beneficial  effect  of  cobalt  on  the  Ni(OH),  electrode  is  fairly 
well  documented,  the  literature  on  the  effect  of  zinc  addition  is  quite  scant. 

One  source  indicates  a  detrimental  effect.  Flerov  (Ref.  42)  found  that  the 
presence  of  zinc  in  pocket- type  Ni(OH)a  electrodes  (but  not  in  sintered  plates) 
led  to  a  rapid  and  substantial  decrease  in  electrode  capacity.  This  was  attri¬ 
buted  to  passivation  which  may  have  occurred  on  the  larger  Ni(OH)a  particles 
of  the  pocket-type  electrodes  whereas  the  distribution  of  active  materials  as 
thin  layers  prevented  passivation  in  the  sintered  plate  construction.  Passiva¬ 
tion  is  attributed  to  the  insulating  effect  of  zinc  on  the  conductivity  of  Ni(OH)2. 

This  reflects  ideas  previously  expressed  by  Lukovtsev  and  Slaidin.  They 
found  only  marginal  differences  in  electrode  potential  with  added  zinc  (Ref.  43), 
but  observed  increased  oxygen  overvoltage  to  a  maximum  of  20  mv  in  the 
microampere  current  range,  when  Li*,  Zn*#,  and  Al**  were  added  to  Ni(OH)s 
(Ref.  44).  It  was  postulated  that  these  ions  penetrate  into  the  Ni(OH)a  lattice, 
thereby  hindering  H*  diffusion  assumed  to  be  essential  for  oxygen  evolution. 
The  concept  of  ion  exchange  in  the  Ni(OH)a  lattice  is  now  generally  accepted. 

In  the  case  of  Zn*2,  there  may  be  a  connection  with  Flerov' s  observation  that 
zinc  poisoning  was  more  effective  on  deep  discharge  and  during  prolonged  open 
circuit  stand  in  the  discharged  than  in  the  charged  state. 

Cupp  (Ref.  45)  also  tested  sintered  plates  in  KOH  solutions  saturated  with 
LiOH  or  ZnO.  The  best  cycling  efficiency,  corresponding  to  the  Qq/Qj^  values 
obtained  in  this  report,  was  found  in  cells  with  reduced  KOH  concentration 
and  with  ZnO  additive.  Battery  tests  were  made  at  the  C/4  rate,  25%  depth 
of  discharge,  and  at  60° C,  but  the  reported  data  are  quite  sketchy. 

In  the  present  study,  the  effect  of  zinc  additive  was  studied  voltametrical- 
ly  in  a  manner  similar  to  that  employed  in  the  cobalt  additive  analysis.  All  ex¬ 
periments  were  performed  at  room  temperature  and  at  45°Cin  electrolytes  of 
6N  KOH  or  of  6N  KOH  to  which  10  g/1  of  ZnO  had  been  added.  Thus,  two  dif¬ 
ferent  methods  were  employed  for  introducing  zinc  into  the  Ni(OH)  8  electrode: 
1)  direct  addition  to  the  active  mass  by  cathodic  co- precipitation;  and  2)  cycling 
an  electrode  in  the  electrolyte  containing  ZnO.  Sections  3a  through  3d  of 
Table  6  represent  different  combinations  of  these  experimental  conditions. 

Figure  11  shows  the  charge  acceptance  of  electrodes  as  a  function  of 
cycle  life.  For  comparison  with  the  electrodes  containing  zinc,  curves  for 
pure  nickel  and  nickel  plus  cobalt  additive  are  included  in  Figure  11.  There 
is  a  beneficial  effect  of  zinc  on  the  maintenance  of  electrode  capacity,  par- 
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Figure  11.  Charge  Acceptance  of  Electrodes  in  6N  KOH  as  a  Function 
of  Additive,  Electrolyte,  and  Temperature.  (Nickel  Zinc: 
Electrode  Containing  5%  Zinc.  Nickel  Cobalt:  Electrode 
Containing  10%  Cobalt.  ) 
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ticularly  with  Zr.O  in  the  electrolyte.  For  example,  the  performance  of  the 
nickel-zinc  electrode  in  KOH/ZnO  electrolyte  at  45°C  is  comparable  to  that 
of  the  nickel-cobalt  electrode  at  room  temperature.  The  effect  is  most  prom¬ 
inent  at  high  temperature.  Figure  12  shows  the  behavior  on  the  1000th  cycle 
of  the  electrodes,  with  and  without  added  zinc.  A  substantial  electrode  capac¬ 
ity  still  remained  in  the  electrode  with  zinc  additive,  while  the  pure  nickel 
electrode  had  essentially  no  remaining  capacity  (note  the  current  density  scales 
on  the  ordinates). 

In  the  operation  of  a  nickel- zinc  cell,  the  addition  of  zinc  to  the  nickel 
positive  electrode  occurs  only  as  a  result  of  the  presence  of  dissolved  ZnO  in 
the  electrolyte  after  some  cycling.  The  above  results  show  that  this  is  a  bene¬ 
ficial  effect  and  later  in  this  report  it  will  be  shown  that  appreciable  absorption 
of  zinc  occurs  in  a  commercial  nickel  electrode.  The  experiments  pertaining 
to  the  effects  of  other  additives  aluminum,  cadmium,  and  lithium,  are  listed 
in  Sections  4,  5,  and  6  of  Table  6.  Whereas  5^  aluminum  and  5^cadmium  were 
added  by  cathodic  co-precipitation,  lithium  was  added  by  cycling  in  the  electro¬ 
lyte  of  4.  3N  KOH  +  1.  ON  LiOH,  which  was  previously  used  by  Tuomi  (Ref.  9) 

Figure  13  shows  the  charge  acceptance  of  aluminum-  and  cadmium-contain¬ 
ing  electrodes  at  room  temperature  and  at  45°C.  An  electrode  with  100^  Ni(OH)s 
as  active  mass  at  room  temperature  is  added  to  Figure  13  to  indicate  that  both 
aluminum  and  cadmium  improve  the  performance  of  the  electrode  slightly,  but 
not  as  effectively  as  cobalt  or  zinc  (refer  to  Figures  10  and  11). 

Figure  14  illustrates  the  case  in  which  the  additive,  lithium  is  added  from 
the  electrolyte  in  the  course  of  cycling.  The  inflection  points  in  the  lithium 
curves  in  Figure  14  reflect  the  incorporation  of  lithium  ions  in  the  active  mass 
and  show  its  beneficial  effect.  For  comparison,  points  for  the  best  additives 
(nickel  in  KOH  containing  ZnO  and  nickel  plus  10^  cobalt)  have  been  added  in 
Figure  14.  With  lithium  as  the  additive,  the  NHOIDs  electrode  seems  to  suffer 
least  deterioration  over  prolonged  cycling.  As  an  example,  the  high  tempera¬ 
ture  curve  nickel/lithium  at  45°C  of  Figure  14  could  have  bee’1  extended  to  over 
2000  cycles  with  only  moderate  further  loss  of  capacity. 

In  Table  5,  the  efficiency  of  cycling  thin  film  electrodes  was  examined. 

With  the  assumption  that  the  difference  in  discharge  and  charge  capacities 
is  due  to  the  evolution  of  oxygen,  a  measure  was  obtained  for  the  efficacy  of 
an  experimental  procedure  or  electrode  composition  to  reduce  oxygen  evolu¬ 
tion.  With  thin-film  electrodes,  additives  were  beneficial  to  capacity.  Table 
10  contains  a  similar  tabulation  of  data  extracted  from  Table  6  for  cathodicaliy 
precipitated  electrodes. 

In  each  case,  changes  in  sweep  rate  were  left  to  the  end  of  the  experiment 
(near  Cycle  1000)  so  as  not  to  interfere  with  repetitive  cycling  of  the  electrode. 
The  data  in  Table  10  show  the  same  general  trend  for  cathodicaliy  precipitated 
electrodes  as  for  thin-film  electrodes  (Table  6).  Increasing  the  sweep  rate 
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9/10/69-1 
6N  KOH 


Nickel  No.  18A 
Cycle  1000 


9/12/69-1  Nickel  No.  20A 

6  N  KOH  +  10g/je  ZnO  Cycle  1000 


Figure  12.  Behavior  of  Nickel  Electrode  with  (a)  and 
without  (b)  Zinc  Additive  in  Cycle  1000 
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Figure  13.  Charge 
and  5# 


decreased  the  oxygen  evolution  and  increased  the  efficiency  of  cycling.  The 
data  exhibit  deviations  due  to  experimental  factors  (such  as  the  influence  of 
the  preceding  experimental  procedure  on  individual  cycles  at  given  sweep  rates), 
but  the  general  trend  is  that  previously  indicated.  Additives  described  as  most 
beneficial  for  electrode  capacity  by  previous  data  tabulations  and  graphs  shew 
here  the  least  excess  of  anodic  charge  over  cathodic  discharge,  e.  g. ,  the  cases 
of  electrodes  in  6N  KOH  +  10  g/1  ZnO. 

Table  10 

ELECTRODE  EFFICIENCY  AS  A  FUNCTION 
OF  ADDITIVE,  TEMPERATURE,  AND  SWEEP  RATE 


Anodic  Charge 


Sweep 

Not  Discharged 

T  emperature 

Cycle 

Rate 

[«3A-Qc>'OAi  *  1 

Electrode 

Electrolyte 

(°C) 

No. 

(mv/soc) 

_ m 

100"  Ni(OH) , 

6N  KOH 

23 

1009 

2.86 

2  6  0 

1000 

18.2 

0.  7 

951  Ni(OH) 51  Zn(OH)} 

6N  KOH 

23 

1034 

2.90 

28  0 

1025 

18.  4 

29.  0 

1040 

08 .0 

-  7.9* 

1001  Ni(OH), 

6N  KOH  + 

23 

1115 

2  86 

-  3  2 

'0  g/1  ZnO 

1000 

18.  5 

23.  0 

1144 

96  9 

-18.  0 

951  Ni(OH)j+  51  Zn(CH), 

6N  KOH  + 

23 

1015 

2.84 

8  6 

10  g/1  ZnO 

1000 

ISO 

-  2.  1 

1030 

96.8 

38  0 

951  Ni(OH),»5l  Al(OH)3 

6N  KOH 

23 

1050 

2  88 

410 

1000 

11'.  3 

-11.0 

951  Ni(OH)}+  51  Cd(OH), 

6N  KOH 

23 

1015 

2  94 

31.0 

1000 

15.5' 

31.  0 

10  3 

99.0 

29.  0 

1001  Ni(OH)  3 

4.  3N  KOH  + 

23 

1015 

2.90 

19.  0 

IN  UOK 

1000 

18.9 

6.3 

1025 

98.  7 

-41.0 

1001  Ni(OH)a 

4  3N  KOH  + 

45 

2332 

2  79 

52.  0 

IN  l.iOH 

2318 

18.  7 

-  9.  3 

2359 

99  6 

-  6,  7 

•Minus  value  indicate*  larger  ducharge  than  charge. 
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ABSORPTION  OF  ZINC  IN  NICKEL  POSITIVE  ELECTRODE 


The  above  results  showed  that  NKOHh  electrodes  cycled  in  an  electrolyte 
containing  ZnO  should  have  good  rechargeability  and  electrode  capacity.  That 
no  negative  effect  (i.  e. ,  zinc  poisoning)  was  involved, was  corroborated  by  the 
analysis  of  a  commercial  positive  plate  which  had  been  used  in  a  nickel- zinc 
cell.  A  large  nickel  electrode  was  taken  from  a  nickel -zinc  cell  which  had 
been  operated  at  the  C/5  rate  for  about  40  cycles  to  a  100^ depth  of  discharge 
(negative  limiting).  Reference  electrode  measurements  in  conjunction  with 
the  nickel-zinc  cell  cycling  test  showed  that  the  performance  of  the  positive 
electrode  was  unaffected  by  zinc  absorption  which  took  place  over  the  test  pe¬ 
riod  (40  cycles  to  100^  deptn  of  discharge  at  C/5  =  a  minimum  exposure  time 
of  400  hours).  Two  samples  (A  and  B)  were  taken  from  widely  separated 
areas  of  the  plate  and  were  chemically  analyzed. 

These  areas  were  noticeably  different  with  regard  to  color.  Sample  A 
came  from  a  lightly  colored  area  which  resembled  the  color  of  a  new  plate. 
Sample  B  came  from  a  very  dark,  almost  black,  region  of  the  electrode.  The 
"active"  materials  of  these  samples  (hydroxides  or  oxides  of  nickel,  cobalt 
or  zinc)  were  dissolved  from  the  sinter  and  the  resulting  solution  was  analyzed 
by  atomic  absorption  methods  to  determine  the  relative  amounts  of  cations 
present.  These  results  are  shown  in  the  first  two  columns  of  Table  11.  Nor¬ 
malized  weight  percentages  computed  from  these  results  (Columns  3  and  4) 
are  in  good  agreement  with  actual  weights  based  on  "he  acetates  of  nickel,  co¬ 
balt  and  zinc  present  in  the  solution  (Columns  5  and  6).  This  close  agreement 
confirms  the  assumption  that  the  values  obtained  correspond  to  the  actual 
amounts  of  cations  present  in  the  "active"  material  of  the  electrode.  The 
difference  between  Samples  A  and  B  is  not  significant.  The  major  conclusion 
to  be  drawn  from  the  analysis  is  that  zinc  was  absorbed  into  the  positive  plate 
to  the  extent  of  about  20<  of  its  "active"  cation  content  during  the  cycling  tests 
performed  on  this  particular  nickel-zinc  cell.  These  results  also  indicate 
that  the  nickel-positive  electrode  originally  contained  about  4 ^cobalt  in  the 
active  mass. 


Table  11 

ANALYSIS  OF  POSITIVE  PLATE  FROM  CYCLED  NICKEL- ZINC  CELL 

Weight  Based 

Weight  by  Analysis  No-malized  W  eight  on  Acetates  Present 

Cation  _ CO _  _ <5 )  ( •; ) 


A 

B 

A 

B 

A 

B 

Nickel 

26.  2 

28.  2 

77.  5 

79.  8 

79.  0 

84.  8 

Zinc 

8.  0 

7.  2 

l  8.  6 

16.  1 

22.  5 

20.  2 

Cobalt 

1.4 

1.  4 

4.  1 

3.  9 

4.  2 

4.  1 

Total 

35.  6 

36.  8 

1  00.  2 

99.  8 

105.  7 

109.  1 
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VOLTAMETRIC  CYCLING  OF  CATHQDICALLY  IMPREGNATED  NICKEL 
PLAQUES  AND  OF  A  COMMERCIAL  PLATE 

In  the  final  series  of  experiments,  the  planar  nickel  foil  substrate  was 
replaced  by  a  commercial  nickel  plaque  structure  and  by  a  commercially 
impregnated  plate.  Thus,  the  geometry  of  the  electrode  became  more  com¬ 
plex  and  the  voltametric  test  method  was  put  to  the  limit  of  its  applicability. 
Experimental  conditions  remained  the  same  as  those  used  in  conjunction 
with  previous  tests  on  foil  electrodes,  except  that  the  sweep  rates  were  low¬ 
ered  in  order  to  obtain  greater  utilization  of  deeper-lying  active  materials 
resulting  from  heavier  plate  loading. 

The  greater  depth  of  the  active  material  in  the  commercial  plate  made  it 
difficult  to  separate  the  Ni(II)  -*  Ni(III)  oxidation  peak  from  the  oxygen  evolu¬ 
tion  peak.  Attempts  to  accomplish  this  separation  were  only  partially  success¬ 
ful.  Therefore,  it  was  decided  to  base  the  quantitative  determinations  of  capac¬ 
ity  with  respect  to  the  number  of  cycles  on  the  nickel  reduction  peak  (electrode 
discharge  capacity,  Q<^)  instead  of  on  the  previously  used  oxidation  peak,  Q^. 

Table  12  lists  the  electrodes  studied  in  this  series  of  experiments  with 
respect  to  the  extent  of  cobalt  addition  and  loading  (impregnation)  of  the 
sintered  matrix.  The  bare  suiter  consisted  of  a  4- mil  strip  of  perforated 
steel  with  10.  5  mils  of  nickel  sinter  on  either  side  of  the  strip.  This  ma¬ 
terial  was  used  as  a  blank  without  any  impregnation  to  judge  the  effect  of 
the  corrosive  alkali  attack  on  the  sinter  during  cycling.  In  four  other 
cases,  the  sinter  was  impregnated  to  a  different  extent  by  cathodic  pre¬ 
cipitation  with  Ni(OH)t  plus  0,  2,  10,  and  20<Co(OH)»  Finally,  an 
electrode  prepared  commercially  by  decomposition  of  the  nitrates  in  an 
alkaline  solution  was  evaluated  as  another  boundary  case  of  a  commercially 
successful  plate. 


Table  12 

PREPARATION  AND  COMPOSITION  OF  ELECTRODES 
WITH  SINTERED  NICKEL  MATRIX 


Kltclfud« 

\o 

Structure 

Composition  (V 

(ms:  cm 

Impregnation 
*,  minute*,  mC  cm* ) 

Thickness 

(inches) 

Theoretical 
Capac  it> 

•  p  hr*  i 

1 

Sinter  o*vl> 

no 

impregnation 

«? 

Cathodic  precipitate  in  plaque 

I  00 

0 

0.  91 1 

30 

!  940 

!  0  3 

0  29 

1 

Cathodic  precipitate  m  plaque 

if 

2 

1  9S 

lb 

9321 

:  o.  3 

!  42 

4 

CathudR  ,  recipitate  ;n  plaque 

*0 

10 

2.  12 

1 30  1 

\  041 

:  o  3 

3  23 

S 

Cathodic  precipitate  m  plaque 

10 

20 

2  OS 

73 

921  i 

1  0.  3 

:  37 

» 

Commercial  plate 

9  J 

b  * 

(3.  2  a* 

-p  -r-»  '• 

ib  0 

•  19 

tj^erimcf 
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Electrode  1  had  an  initial  capacity  of  130  mC/cni"  (Cycle  1)  which  at 
Cycles  50  and  100  went  through  a  minimum  of  115  mC/cm'  and  then  increased 
approximately  linearly  to  345  mC/cm2  at  Cycle  2000.  At  this  time,  it  was 
comparable  to  an  electrode  capacity  of  0.  03  ampere -hour /inch Although 
not  negligible,  this  represents  only  a  small  percentage  of  the  capacity  of  the 
impregnated  electrodes  (note  the  last  column  of  Table  12).  Furthermore, 
the  initial  capacity  of  the  sinter  indicates  a  ratio  of  effective-surface  to  ap¬ 
parent-surface  (or  roughness  factor)  of  about  100,  based  on  the  presence 
of  approximately  two  monolayers  i  f  the  hydroxide  on  the  sinter. 

The  experimental  data  and  the  results  for  the  remaining  electrodes  (2 
through  6)  are  given  in  Table  13.  All  experiments  were  performed  at  45°C 
in  order  to  accelerate  the  cycle-life  test. 

The  discharge  capacity.  Qc,  for  all  of  these  electrodes  is  shown  as  a 
function  of  cycle  lift  in  Figure  15.  After  an  increase  in  capacity,  the  com¬ 
mercial  plate  had  a  loss  from  3.  83  to  1.  81  ampere-hours/ inch*  (refer  to  Table 
13),  whereas  cathodically  impregnated  plaques  experienced  less  deterioration. 
This  may  be  traced  to  the  greater  extent  of  loading  in  the  commercial  plate. 

Different  plate  loadings  and  sweep  rates  influence  the  relative  rating  of 
the  electrodes,  as  seen  in  Figure  1  5.  The  effect  of  loading  is  illustrated  in 
Figure  16,  in  which  the  utilization  (i.  e. ,  the  ratio  of  actual  discharge  over 
the  theoretical  capacity)  is  plotted  against  cycle  life  rather  than  the  discharge 

capacity  itself.  A  different  ranking,  favoring  the  ughtest- loaded  electrode 
is  obtained.  ’ 

Obviously,  both  loading  and  discharge  capacity  must  be  taken  into  account 
in  determining  the  optimum  amount  of  cobalt  additive.  Regarding  the  sweep 
rate,  it  is  noted  in  Table  13  that  Electrode  6  was  cvcled  more  slowly  at  first 
then  after  Cycle  274  more  rapidly  than  FJectrodes  3.  and  5.  This  could 
only  account  to  a  small  extent  for  the  more  rapid  decrease  in  utilization  of 
has  electrode  (refer  to  Figure  16).  A  greater  variation  of  sweep  rate,  from 
10  mv/sec  for  Uectrode  2  versus  2.8  mv/sec  for  others,  could  increase  the 

.mue  ofgc  for  toe  cobalt-free  Electrode  2  by  as  much  as  3(FC  (refer  to  Fig¬ 
ure  Id/. 

CONCLUSIONS 
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Figure  15,  Discharge  Capacity  of  Impregnated 
Nickel  Plate  Electrodes  at  45°C 
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Figure  16.  Utilization  of  Active  Material  in  Impregnated  Nickel  Plate  Electrodes 
as  a  Function  of  Cycle  Life  at  45°  C 
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electrode  structures  examined  and  also  with  respect  to  the  specific  testing 
program  used. 

A  spectrum  of  electrode  structures,  from  thin  monolayers  of  active  ma¬ 
terial  to  commercial  plates,  was  studied.  This  comprehensive  selection  was 
made  possible  by  severeJy  restricting  the  additive  study  to  essentially  one  ap¬ 
proach  --  voltametric  cycling.  This  technique  is  commonly  used  in  basic  elec¬ 
trode  studies,  but  only  recently  has  it  been  applied  to  battery  studies  (Ref.  46). 

The  following  are  the  central  conclusions  of  the  work  on  additives: 

1.  Cobalt  and  zinc  are  effective  cation  additives  to  the  Ni(OH)2  active 
mass.  They  increase  charge  acceptance  and  maintain  discharge 
capacity  as  a  function  of  cycle  life,  particularly  at  high  temperature 
(45°  C). 

2.  Addition  of  the  foreign  ion  to  the  Ni(OH)2  lattice  from  the  electrolyte 
solution  is  more  effective  than  direct  incorporation  of  the  cation  by 
co-precipitation,  co- deposition,  or  alloy  oxidation. 

3.  Other  additives,  cadmium  and  aluminum,  had  a  lesser  effect  on  im¬ 
proving  capacity  at  cycle  life  and  high  temperature.  However,  all  de¬ 
liberately  added  cations,  Li+,  Co*2,  Zn*2,  Cd*2,  and  Al*3,  had  some 
positive  effect,  and  none  were  deleterious. 

4.  Although  an  optimum  cobalt  content  was  not  established,  cycling  of 
cathodically  precipitated  material  in  nickel  plaques  indicated  im¬ 
proved  capacity  with  2  to  20$  cobalt  added.  The  largest  capacity 
was  that  of  an  electrode  with  10$  cobalt,  however,  that  electrode 
was  also  the  most  heavily  loaded  one. 

Lack  of  time  permitted  only  a  limited  number  of  experiments  m  the  final 
series  with  nickel  plaques  containing  cathodically  precipitated  hydroxides  and 
with  the  impregnated  commercial  plate  (Table  13  and  Figure  15  and  16).  Two 
factors  influencing  electrode  performance,  loading  (indicated  by  discharge 
capacity),  and  utilization  have  already  been  singled  out.  They  are  depicted  in 
Figures  17  and  18.  In  Figure  17,  the  electrode  containing  10$  cobalt  has  the 
largest  discharge  capacity.  However,  as  pointed  out  previously,  it  also  had 
the  greatest  amount  of  active  material.  This  loading  was  the  same  for  the 
2  and  20$  cobalt  samples,  of  which  the  latter  had  the  higher  capacity.  The 
advantage  of  adding  cobalt  is  clear  when  compared  with  the  cobalt-free  elec¬ 
trode  in  Figure  17.  Conversely,  the  cobalt-free  electrode  has  highest  utili¬ 
zation  in  Figure  18.  This  reflects  the  more  irreversible  oxidation  of  Co(II)  - 
Co(III)  than  the  analogous  Ni(II)  oxidation.  Otherwise,  utilization  remained 
the  same  for  all  of  the  cobalt-containing  electrodes  during  cycling.  Taking 
into  account  that  higher  loading  should  be  detrimental  to  high  utilization,  10$ 
cobalt  is  still  the  choice  in  spite  of  the  reservation  mentioned  above.  This 
choice  is  also  in  agreement  with  the  findings  of  Januszkiewicz  (Ref.  47),  who 
finds  a  plateau  at  10  to  30$  cobalt  for  the  beneficial  effect  of  cobalt  on  electrode 
capacity. 
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Figure  17.  Discharge  Capacity  as  a  Function  of  Cobalt  Content 
and  Cycle  Life  at  45°C 


Figure  18.  Utilization  of  Active  Material  as  a  Function  of  Cobalt  Content 
and  Cycle  Life  at  45CC 


The  effect  of  cobalt  on  the  Ni(OH)r  lattice  structure  is  characterized  by 
increased  electrode  charge  acceptance,  lower  cathodic  p<  '  itial  (higher  over¬ 
voltage),  and  incomplete  reduction  of  active  material  at  nigher  potentials. 

These  factors  suggest  a  possible  retarding  influence  by  cobalt  on  the  elec¬ 
trode  reactions.  In  thin-film  electrodes,  the  presence  of  cobalt  also  reduces 
oxygen  evolution.  In  battery  practice,  these  phenomena  may  lead  to  better 
charge  retention.  Such  an  interpretation  01  the  data  fits  into  the  recognized 
mechanism  of  the  Ni(OH)a  electrode  reaction  described  in  terms  of  the  work 
of  Wynne- Jones,  Casey,  Harivel,  and  others.  Cobalt  ions  penetrate  into  the 
Ni(OH)a  lattice  together  with  protons,  OH"  ions,  and  other  species  related  to 
the  water  molecule.  Thus,  the  disordered  structure  of  the  lattice  is  increased, 
thereby  preventing  the  greater  order  and  compaction  of  crystallites  resulting 
from  grain  growth  and  phase  change. 

The  opena-phase  structure,  described  by  Bode  (Ref.  71  was  encountered 
in  the  present  study  in  the  first  electrode  cycles  only.  The  much  greater 
first- cycle  capacity  of  the  electrodes  can  be  directly  traced  to  crystal  struc¬ 
ture.  In  the  cited  work  of  Bode,  it  is  also  pointed  out  that  Zn(OH)a  (forming 
a  mixed  N^OHlj-Z^OHjg)  stabli^es  the  at-phase.  This  explains  the  beneficial 
effect  of  the  zinc  additive. 

The  observation  that  additives  are  best  added  from  the  liquid  phase  during 
the  formation  of  electrodes  also  fits  into  this  picture.  They  are  introduced  onto 
the  surface  of  the  active  material  and  change  the  crystal  lattice  in  the  surface 
layers  of  the  active  mass  where  needed  most  for  later  electrode  reactions. 

Finally,  it  must  be  reiterated  that  these  results  were  obtained  with  a 
specific  test  procedure.  Linear  sweep  voltametry  discharges  active  materials 
in  seconds  or  minutes,  whereas  conventional  battery  testing  techniques  range 
into  hours.  The  voltametric  procedure  applied  to  commercial  plates  is  anal¬ 
ogous  to  constant  potential  charging,  in  that  the  maximum  electrode  potential 
is  limited.  The  controlled,  gradual  rise  in  charging  voltage  up  to  this  maxi¬ 
mum  value  in  the  voltametric  procedure  protects  the  electrode  from  exposure 
to  the  high  initial  current  surges  and  correspondingly  high  operating  stresses 
which  occur  in  conventional  constant  potential  charging  regimes. 

Nevertheless,  the  method  essentially  involves  fast  charging  and  dis¬ 
charging,  conventionally  viewed  in  battery  technology  as  high  C  rates.  Further 
work  and  experimental  improvements  of  the  voltametric  test  method  are  recom¬ 
mended.  If  it  can  be  reconciled  and  correlated  with  more  common  battery  tests, 
a  new  method  of  accelerated  battery  lif^  testing  based  on  the  observation  of 
electrode  reactions  would  become  available.  Transient  and  uncertain  phenom¬ 
ena,  such  a„  the  memory  effect,  may  become  amenable  to  systematic  study. 


The  following  information  was  added  during  the  final  review  of  this  report. 

A  study  of  ionic  transport  during  the  anodicoxidation  of  Ni(OH)a  has  been 
published  <Ref.  48)  in  which  a  mechanism  of  OH  exchange  at  the  electrode 
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elect!  olyte  interface  and  both  H*  and  Oli"  ion  transport  in  the  hydroxide  are 
postulated.  Substantial  Isotopic  exchange  of  OiS  with  O**  occurred  ..  hen  thin 
films  of  cathodicaily  precipitated  hydroxide  were  anodized  in  Coulo- 

metric  and  thermogravimetric  experiments  were  also  performed.  As  a  re¬ 
sult,  the  self- diffusion  coefficient  for  OH"  ions  in  Ni(OH)a  of  2.  5  x  10"1* 
cm2 /sec  was  determined. 

Contrary  to  the  large  mobility  of  protons  in  Ni^(OH)a  (refer  to  MacArthur's 
work,  unpublished  result),  radiometric  measurements  indicated  that  participation 
of  H*  ions  in  the  charge  process  is  very  limited.  This  passivation  of  protonic 
transport  is  attributed  to  trapping  of  H*  in  the  oxidized  structure,  that  is,  in 
the  form  of  Ni(OH)a. 

The  perturbation  of  the  crystalline  structure  by  incorporation  of  cations 
(Li* )  and  anions  is  also  mentioned.  Only  chromate  anions  had  a  detrimental, 
passivating  effect  on  the  discharge  of  the  oxidized  hydroxide. 


Section  3 


SUBSTRATE  ANALYSIS 


INTRODUCTION  AND  OBJECTIVE 

This  task  has  been  directed  toward  finding  a  practical,  stable  substrate 
material  as  one  means  for  achieving  the  ±  1%  electrode  capacity  reproducibility 
goal  of  this  program.  It  is  a  well  known  fact  that  pure  nickel  substrates 
corrode  to  some  extent  during  cycling  of  the  nickel  hydroxide  electrode. 

This  phenomenon  leads  to  alteration  of  the  active  mass  and,  under  severe 
conditions,  to  the  eventual  loss  of  mechanical  integrity  of  the  structure.  In 
the  case  of  sintered  nickel  substrates,  corrosion  may  be  so  extensive  as  to 
plac2  the  capacity  reproducibility  tolerance  completely  out  of  range. 

Popat  et  al  (Ref,  4&>  havt  shown  that  from  30  to  40%  of  the  initially  formed 
plate  capacity  can  be  attributed  io  nickel  substrate  corrosion  during  conven¬ 
tional  impregnation  and  forming  processes.  Briggs  (Ref.  50)  "induced" 
capacities  up  to  1  ma  hour  /  era3  or.  planar  nickel  foils  by  anodically  oxidizing 
the  foils  under  conditions  similar  to  those  encountered  during  the  charging  of 
conventional  nickel  hydroxide  electrodes.  It  was  anticipated  that  these  cor¬ 
rosion  phenomena  would  occur  with  any  nickel  substrate  configuration  whether 
it  be  sintered,  foam,  fiber,  filamentary,or  flake  material.  It  was  also  antic¬ 
ipated  that  it  might,  therefore,  be  extremely  difficult  to  specify  or  control  the 
final  plate  capacity  of  electrodes  employing  nickel  as  the  substrate  material. 

As  a  result,  it  was  decided  that  materials  other  than  pure  nickel  should 
be  examined  for  suitability  in  providing  the  required  electronic  conductivity 
and  mechanical  support  for  the  active  material  of  the  electrode.  The  objective 
of  this  task  was,  therefore,  aimed  at  finding  electronically  conductive  sub¬ 
strate  materials  which  would  satisfy  the  following  basic  criteria: 

1.  Compatibility.  The  substrate  must  be  completely  compatible  with 
the  charged  and  discharged  forms  of  the  active  material  i,  e. ,  NiOQH 
and  Ni(OH)a  respectively. 

2.  Stability.  The  substrate  must  be  stable  with  respect  to  corrosion  or 
attack  by  the  alkali  electrolyte  or  the  cell  impurities  over  the  entire 
range  of  potentials  normally  encountered  by  the  operating  electrode. 

3.  Overvoltage.  The  substrate  mu3t  have  sufficiently  high  oxygen  over¬ 
voltage  to  permit  efficient  and  complete  charging  of  the  active  material 
prior  to  the  onset  of  oxygen  evolution. 

4.  Fabrication.  The  selected  maierial  must  be  suitable  with  regard  to 
economic  methods  for  fabricating  the  appropriate  configuration. 
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SELECTION  OF  SUBSTRATE  MATERIALS 


In  this  task,  candidate  substrate  materials,  or  alloys,  were  chosen  for 
evaluation  on  the  basis  of  their  corrosion- resistant  rating  in  aqueous  alkali, 
nitrate,  and  carbonate  solutions,  as  reported  in  Refe -trice  51.  This  reference 
lists  over  100  metals  and  alloys  which  are  rated  "good51  for  chemical  resistance 
to  aqueous  NaOH.  About  40  of  these  materials  are  rated  "good"  with  respect 
to  NaNCb  and  Na^CQj  solutions  at  various  concentrations  and  temperatures. 
From  the  latter  list  and  with  consideration  of  the  four  substrate  criteria  dis¬ 
cussed  above,  the  following  candidate  materials  were  selected  for  study: 


•  Carbon 

•  Nickel  porous  plaque* 

•  Stainless  steel 

•  Pure  nickel 

•  Pure  platinum 


•  Hastelloy*'*  nickel  -base  alloy 

•  Platinum  alloys 

•  Nickel-copper  alloy  (Monel**) 

•  Lithiated  nickel  oxide 


The  decision  to  include  lithiated  nickel  oxide  in  the  abc  /e  list  of  materials 
was  based  on  the  fact  that  semiconducting  lithium- nickel  oxide  f  irfaces  were 
reported  to  offer  good  corrosion  protection  for  high  temperature  nickel,  fuel 
cell  electrodes  and  auxiliary  charging  electrodes  for  rechargeable  zinc -air 
cells.  In  addition,  it  appeared  that  a  conventional  nickel  batter j  plaque  could 
be  used  as  the  starting  material  to  prepare  porous  "lithiated"  plaque  samples 
for  immediate  evaluation. 


Bacon  and  Jones  (Ref.  52>  were  the  ?iret  tc  disclose  the  practical  use  of 
"lithiation"  for  corrosion  protection  in  electrochemical  systems.  They  applied 
lithium  salts  in  aqueous  solution  to  porous  nickel  plaques  prior  to  high  temper¬ 
ature  air  oxidation  of  the  siniei.  The  lithium  ions,  which  become  incorporated 
in  the  oxide,  convert  the  usual  noneonduc+ive  green  nickel  oxide  to  a  black, 
semiconducting,  adherent  surface  oxide.  This  has  bem  shewn  to  decrease  the 
oxidation  rate  of  the  underlying  nickol  in  alkaline  liquids  under  strongly  oxidising 
conditions,  such  as  those  that  occur  when  oxygen  is  present  at  higher  pressure. 

Garfinke!  and  Weininger  (Ret.  53)  have  obtained  improved  results  from  the 
standpoint  of  a  more  uniform  and  impervious  thin  oxide  film  on  nickel  substrates. 
They  accomplished  this  by  introducing  lithium  via  a  vapor-phase  transport  from 
a  large  excess  of  lip  present  with  the  sample  during  the  heat  tr  eatment  process. 
This  improvement  is  thought  to  be  caused  by  tne  relatively  high  .  apor  pressure 
of  LiaO  at  temperatures  above  600* C. 


♦Conventional  battery  plaque  from  the  General  Electric  Comptny's  Battery 
Business  Section. 

**  Trademark 
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After  examining  several  alternative  lithiation  processes,  the  following 
procedure  was  selected  for  preparing  the  lithiated  nickel  foil  and  plaque 
samples  for  this  study: 

1.  Anneal  —  at  1000*0  for  30  minutes  in  a  hydrogen  atmosphere 
(stainless  steel  retort). 

2.  Degas  —  at  1000°C  for  10  minutes  in  a  vacuum  (vacuum  induction 
furnace). 

3.  Oxidize  —  at  680°C  for  10  minutes  in  air  (box  furnace). 

4.  Lithiate  —  at  680°C  for  one  hour  in  air  by  introducing  a  stainless 
steel  boat  containing  a  premixed  LigO-Ni  p  wder  under  the  samples 
to  be  treated  (box  furnace). 

Initial  attempts  to  determine  the  amount  of  lithium  incorporated  in  the 
oxide  surface  of  the  treated  samples,  using  either  x-ray  analysis  or  flame 
photometry,  were  unsuccessful  because  of  the  extremely  thin  H>00j\)  oxide 
layer  thickness.  Since  the  surface  conductivity  of  the  treated  samples,  as 
determined  by  means  of  a  simple  ohmmeter  (two  point  method),  was  found  to 
be  comparable  to  that  of  the  same  but  untreated  nickel  material,  no  further 
effort  was  made  to  analyze  the  composition  of  the  surface  oxides  obtained. 

In  all  cases,  the  latter  was  a  thin,  dark  green,  almost  black,  adherent 
coating  with  a  metallic  luster  (when  prepared  as  above). 

Evaluation  Tests 


Corrosion  tests  on  the  candidate  substrate  materials  were  conducted  in 
a  hydrolysis  cell  shown  schematically  in  Figure  19.  Figure  20  shows  the 
six-station  test  stand  used  in  conjunction  with  this  task.  In  these  screening 
tests,  oxygen  was  generated  at  the  test  sample  by  means  of  a  constant- current 
power  supply  to  simulate  the  conditions  of  the  nickel  hydroxide  electrode 
during  overcharging.  The  potential  of  each  test  electrode  (versus  a  Hg/HgO 
reference  electrode)  was  continuously  recorded  throughout  these  tests.  The 
cells  were  sealed  by  means  of  a  rubber  stopper  and  purged  with  oxygen  to 
prevent  COa  contamination  from  the  ambient. 

The  first  screening  test  was  conducted  in  a  pure  31%  KOH  electrolyte  for 
a  total  exposure  of  about  7  ampere- hours/ cm8  at  a  current  density  of  approxi¬ 
mately  15  ma/cm3,  based  on  the  geometric  area  of  the  samples.  At  the  end  of 
this  test,  a  quantitative  analysis  of  the  electrolyte  in  each  cell  was  made.  The 
results  of  this  initial  test  are  summarized  in  Table  14.  The  purpose  of  this 
test  was  to  eliminate  from  further  testing  those  materials  which  showed 
evidence  of  gross  physical  attack  or  an  unusually  low  oxygen  overvoltage.  With 
regard  to  the  latter  condition,  all  of  the  samples  demonstrated  sufficiently 
high  operating  potentials  under  the  test  conditions  that  this  criteria  could  not 
be  used  as  a  significant  factor  in  ranking  the  alloy  samples.  The  platinum 
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Platinum 

Counter 

Electrode 


Figure  19.  Schematic  Diagram  of  Hydrolysis  Cell 


Figure  20.  Six-station  Corrosion  Test  Stand 
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foil  sample  did,  however,  exhibit  the  highest  overvoltage  value  (refer  to 
Table  14),  as  expected.  During  the  course  of  this  test,  the  following  qualitative 
observations  were  made: 

1.  The  nickel  plaque  became  black  in  color  after  two  or  three  days  of 
exposure,  indicating  possible  oxidation  of  the  sample. 

2.  The  graphite  did  not  liberate  oxygen  gas  a  rapidly  as  the  metallic  test 
samples,  but  became  covered  with  large,  clinging  bubbles. 

3.  Physical  degradation  of  the  graphite  was  evident  from  the  fact  that  a 
large  quantity  of  black  sediment  was  found  in  the  test  cell  containing 
this  specimen. 

4.  A  light  brown  deposit  formed  on  the  platinum  counter  electrodes  for 
the  graphite,  stainless  steel,  and  Hastelloy  samples  during  an  open 
circuit  stand  after  the  exposure  test.  These  deposits  were  qualitatively 
analyzed  to  determine  the  composition  of  the  deposit.  The  results 

are  shown  in  Table  15. 

Table  15 

QUALITATIVE  ANALYSIS  OF  PLATINUM 
COUNTER  ELECTRODE  DEPOSIT 


Sample  Material 

Major 

Minor 

Trace 

Faint  Trace 

Graphite* 

Cu 

Zn 

Mg,  Ca,  Pt 

Pb.  Ag.  Al 

302-SS 

Fe 

Mn 

Mg,  Cu,  Ca, 
Al,  Pt,  Cr 

Fe 

— 

Mg.  Cu,  Ca, 
Pt,  Al.  Mn 

-- 

♦This  analysis  shows  that  the  brass  rivet  connection  to  the 
test  specimen  was  not  adequately  protected  by  the  applied 
epoxy  coating.  Metallic  test  electrodes  were  spot-welded 
directly  to  platinum- lead  wires. 

On  the  basis  of  the  above  results,  it  was  decided  that  graphite,  stainless  steel, 
and  Hastelloy  nickel-base  alloy  should  be  eliminated  from  ftirther  considera¬ 
tion  and  that  the  remaining  samples  (platinum,  nickel  foil  and  nickel  plaque) 
should  be  compared  to  other  materials  in  subsequent  tests. 

The  second  corrosion  screening  test  was  performed  in  the  same  general 
manner  as  above,  but  with  the  following  additional  test  features: 

1.  Double-layer  capacitance  (surface  area)  measurements  were  made 
on  the  specimens  before  and  after  the  exposure  test  by  Brodd  and 
Hac Kerman' s  (Ref.  54)  method  in  an  effort  to  determine  the  degree 
of  pitting  or  attack  on  the  sample.  Figure  21  is  a  circuit  diagram  of 


I 


59 


(Tecktronix  Type  564) 


Choke  Coil 


(UTC-A30) 


Potentiostat 

(anatrol) 


Test  CeU 


Shunt 


Function  Generator 


(WaveteK  Model  112) 

Scope  Connections:  1-2  CeU  Volts 

9*  ^  P all  Curran* 

*•  “  W  V-  44  W  W4  *  V  t.tk 

Electrodes: 

A  --  lest  Specimen 

B  --  Hg/HgO  Reference  Electrode 

C  --  Large  Platinum  Counter  Electrode 

Figure  21. 

Circuit  Diagram  for  Determination 
hie  Layer  Capacity 

,11 


the  apparatus  employed  in  this  test.  Figure  22  is  an  oscillogram 
showing  the  charging  curve  obtained  from  a  platinum  foil  test  sample. 

2.  Oxygen  evolution  polarization  data  were  recorded  for  current  densities 
up  to  50  ma/cma  apparent  surface  area  at  the  outset  of  this  test. 

3.  The  test  electrodes  were  weighed  before  and  after  the  anodic  exposure 
as  an  additional  means  for  determining  the  extent  of  attack. 

A  15  ma/cm 2  constant -current  anodic  exposure  test  on  two  lithiated  nickel 
foils,  a  lithiated  porous  nickel  battery  plaque,  a  Monel  nickel-copper  alloy  foil, 
and  a  platinum- 5^  ruthenium  alloy  was  conducted  for  38  days.  This  corres¬ 
ponded  to  a  total  exposure  of  about  12  ampere -hours /cm 7  on  these  samples. 
Pertinent  data  from  this  test  are  summarized  in  Table  16. 

Table  16 

RESULTS  OF  ADVANCED  CORROSION  SCREENING  TEST 
(12  Ampere- hours /cm*  Anodic  Exposure  in  31%  KOH) 


Double  Uyer  Capacity 

O,  Overvoltage 

initial 

Relative 

Weight 

at  K  ma/m2 

Electrolyte 

Amlytil 

Value 

Charge 

Loaa 

(Veraue  Ha/HaO) 

CO, 

Catioaa 

Identify 

(mf/cinS 

_JSL_ 

(ma/epS 

Julia) 

Thai 

_1UL 

-lOS± 

Monel  (70*  Ni.  30%  Cu> 

941 

♦in 

4.51 

583 

5*0 

0.85 

Cm  (Foam) 

Pt-5%  Fu 

77S 

-  10 

0.82 

1175 

740 

0  46 

-• 

Li /Ni  Foil 

11.800 

-  31 

25.5 

600 

540 

0.  44 

-- 

l.i/Ni  Foil 

57.200 

-  15 

18  8 

600 

610 

0  46 

l.i/Ni  Plaque 

21.800 

444 

1.14 

600 

570 

0  52 

Blank  (31%  KOH1 

-- 

•- 

-- 

0.4* 

*0  06 

-- 

The  relative  double-layer  capacitance  values  obtained  are  in  agreement  with 
expected  results.  The  Monel  aid  platinum- 5%  ruthenium  electrodes  were  foils 
polished  by  mild  sandblasting,  and  they  presented  a  smoother  surface  than  the 
rougher  and  somewhat  more  porous  surface  of  the  treated  nickel  samples. 
Except  for  the  Monel  sample,  all  electrodes  showed  a  loss  in  double-layer 
capacitance  as  a  result  of  the  corrosion  test.  This  reduction  in  double- layer 
capacity  ecu  Id  be  caused  by  the  formation  of  an  oxide  layer  on  these  samples, 
but  the  fact  that  all  samples  lost  weight  during  the  anodic  exposure  militates 
against  this  as  a  firm  eonrhmirj’v  j?  tc  possible  that  the  initial  surface  rough¬ 
ness  was  reduced  as  a  result  of  anodization,  while  the  Monel  sample  corroded 
via  surface  ’’pitting.  " 

In  terms  of  technical  considerations  alone,  the  platinum  and  platinum  alloy 
samples  examined  in  this  screening  test  appear  to  be  the  best  possible  substrate 
materials  for  the  nickel  hydroxide  electrode.  The  high  oxygen  evolution  o-  -r- 
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potential  and  lov'  rate  of  "attack"  are  consistent  with  the  desired  goals  of  this 
program.  However,  the  U6e  of  platinum  substrates  in  nickel  hydroxide  electrodes 
is  totally  impractical  or.  the  basis  of  economic  considerations.  For  this  reason, 
a  choice  had  to  be  made  between  Monel  and  the  lithiated  nickel  oxide  surface 
treatment.  The  double- layer  capacitance  and  gravimetric  measurements 
indicate  that  Monel  is  attacked  to  a  greater  degree  during  anodic  exposure  than 
the  lithiated  nickel  plaque  material,  but  not  to  the  extent  of  attack  indicated  for 
the  lithiated  nickel  foil  samples.  This  discrepancy  can  be  attributed  to  dif¬ 
ferences  in  the  surface  oxide,  since  the  foils  appeared  to  be  more  severely 
oxidized  by  the  lithiation  process  as  evidenced  by  their  scale- like,  blistered 
surface.  The  oxidized  surface  of  the  plaque  material  was  quite  adherent  and 
appeared  to  have  a  uniform,  blue -black  color.  Therefore,  spalling  of  the  oxide 
scale  from  the  foil  samples  could  account  for  the  high  weight  loss  of  these 
samples. 

A  third  corrosion  screening  test  was  devised  to  determine  the  extent  of 
"induced"  electrode  capacity  resulting  from  th'  oxidation  of  these  materials. 

In  this  test,  foils  of  Monel,  pure  nickel,  lithiated  nickel,  and  samples  of 
plain  and  lithiated  porous  nickel  plaque  were  exposed  to  about  250  charge- 
discharge  cycles  in  31%  KOH  electrolyte.  The  test  electrodes  were  all  of  the 
same  size  (i  inch  by  1  inch)  and  were  cycled  in  series  at  a  constant  anodic 
current  value  that  produced  gaseous  oxygen  on  all  of  the  samples  (*3  ina/cm*). 

The  cathodic  discharge  rate  employed  was  equal  to  the  above  charge  rate,  and 
each  test  electrode  was  individually  protected  from  exposure  to  hydrogen 
evolution  by  means  of  a  voyage  cutoff  relay  set  at  -0.  75  volt  with  respect  to 
the  Hg/HgO  reference  electrode  system.  Table  17  shows  the  gravimetric  and 
oxygen  overvoltage  data  which  was  obtained  in  the  course  of  this  screening 
test. 


Table  17 

RESULTS  OF  CORROSK1N  CYCLING  TEST 

Of  Evolution  Overpotential  mv 


Sample 

Weight  Chang* 
(mg/  cm‘i 

LI 

(mn/crr*' 

AP 

lp 

*0.  052 

-  - 

Nickel  Foil  (pure) 

-0.  Oil 

555 

576 

600 

Nickel  f’oit  (iithiurr.-ireaied) 

-0.  055 

615 

635 

720 

Nickel  Plaque  (standard) 

K.  228 

515 

530 

545 

Nickel  Plaque  (lithium-treated) 

101 

532 

554 

578 

The  standard  nickel  plaque  was  the  only  sample  which  developed  a  measurable 
discharge  capacity  in  this  test  f-0.  17  hours icm\  This  result  is  con¬ 

sistent  with  the  fact  that  if  also  show  ed  the  greatest  weight  gain. 
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While  these  screening  tests  indicate  that  monel  may  satisfy  the  chemical 
stability  criteria,  time  did  not  permit  the  subsequent  evaluation  of  this  alloy 
in  any  practical  electrode  configuration*  However.,  in  view  of  the  enrouraging 
results  obtained  in  the  preceding  corrosion  tests  with  the  lithium-treated  nickel 
plaque  (relative  to  untreated,  standard  Dattery  plaque)  and  the  fact  that  such 
samples  could  be  readily  produced  for  this  task  at  reasonable  cost,  it  was 
decided  that  an  evaluation  of  impregnated,  lithiated  plaque  would  be  the  next 
step  in  determining  the  suitability  of  this  material  as  an  electrode  substrate. 

To  this  or,d,  four  nickel  hydroxide  electrodes  were  prepared  by  the  multi- 
step,  cathodic  deposition  technique  described  in  Section  4  of  this  report,  rwo 
of  the  electrodes  were  made  from  a  nickel  battery  plaque  which  had  been  sub¬ 
jected  to  the  lithiation  treatment,  while  the  two  control  electrodes  were  made 
from  untreated  plaque  material.  The  four  electrodes  were  mounted  in  flooded 
test  cells,  designed  with  a  large  excess  of  cadmium  (negative)  capacity  and 
subjected  to  ten  100%  depth- of-discharge  cycles  at  3.  0  ma/cm*  per  side. 

When  the  test  electrodes  were  removed  from  the  cells  after  cycling,  the 
lithium-treated  samples  were  very  brittle  and  crumbled  readily  on  handling. 
This  phenomenon  was  not  observed  with  the  control  electrodes,  suggesting 
that  the  lithiation  treatment  severely  weakens  the  sintered  nickel  structure. 
Apparently,  the  swelling  of  the  active  material  in  the  heavily  loaded  plates, 
previously  observed  in  this  program  (refer  to  Section  4)  and  by  others  (Ref.  37), 
is  sufficient  to  cause  the  mechanical  failure  of  the  lithiated  nickel  sinter. 

RECOMMENDATIONS 


In  view  of  the  results  discussed,it  is  recommended  that  the  lithiated  nickel 
oxide  surface  treatment  be  eliminated  from  further  consideration  in  this 
program. 

From  an  economic  point  of  view,  future  experimental  electrode  evaluations 
should  continue,  using  commercially  available  nickel  plaque  as  the  electrode 
substrate  material  until  the  primary  fabrication  techniques,  design  parameters, 
and  performance  limitations  have  been  more  fully  established.  In  the  light 
of  the  objectives  of  the  other  work  areas  of  this  program,  the  substrate  eval¬ 
uation  task  should  be  assigned  the  lowest  piiority. 

Major  emphasis  Bhould  continue  to  be  placed  on  electrode  preparation 
techniques  aimed  at  achieving  higher  electrode  energy  densities  and  charge 
efficiencies.  If  in  the  next  phase  of  this  program  it  is  concluded  that  sub¬ 
strate  corrosion  represents  a  major  obstacle  for  achieving  "an  improved  nickel 
hydroxide  electrode,  "  the  proposed  assignment  of  task  priorities  could  be 
modified  accordingly.  Meanwhile,  the  cost  associated  with  the  continued 
search  for  alternative  substrate  materials  and  the  ultimate  use  of  such  materials 
in  electrodes  for  practical  cell  applications  discourage  further  efforts  in 
this  direction. 
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Section  4 


IDEAL  S  i  RUu  l  UKL  ANALYSIS 


INTRODUCTION  AND  OBJECTIVE 

Many  electrode  fabrication  processes  have  been  developed  and  adopted 
for  battery  systems  by  a  cut-and-try  approach,  lacking  any  real  knowledge  of 
the  resulting  electrode  structural  properties.  In  this  study,  a  preliminary 
mathematical  analysis  of  the  Ni(OH)2  electrode  was  undertaken  with  appropriate 
experimental  work  to  help  identify  the  key  electrode  design  parameters.  The 
purpose  of  this  analysis  was  to  provide  a  rational  basis  for  selecting  suitable 
fabrication  techniques  and  experimental  approaches.  Primary  concern  was 
focused  on  achieving  an  improved  electrode  energy  density  relative  to  that  of 
the  presently  available  commercial  plates.  Accordingly,  the  ideal  structure 
analysis  was  aimed  at  determining  the  effects  of  pore  size,  porosity,  plate 
thickness, and  the  general  configuration  of  the  substrate  and  the  active  mass  on  the 
available  energy  density  of  the  electrode.  Such  efforts  were  not  intended  to 
take  the  place  of  experimental  work,bui  rather  to  provide  proper  direction  in 
the  electrode  fabrication  and  evaluation  tasks  and  in  evaluating  or  correlating 
the  experimental  results  of  this  program. 

DEVELOPMENT  OF  THE  MATHEMATICAL  MODEL 

Essentially  three  different  electrode  configurations  can  be  considered 
from  an  "ideal"  point  of  view: 

1.  Planar  or  foil  electrodes  upon  which  a  thin  layer  of  active  material 
is  formed  or  deposited 

2.  Sintered  electrodes  in  which  active  material  is  deposited  within  the 
pores  of  a  rigid  conductive  substrate 

3.  Pasted  or  bonded  structures  in  which  the  active  material,  the  binder, 
and  the  conductive  particles  are  intimately  blended  and  applied  to  a  con¬ 
ductive  grid  support  or  current  collector 

Before  attempting  an  analysis  of  these  structures, some  of  the  more  general 
features  of  the  nickel  hydroxide  electrode  were  considered. 

An  estimate  of  the  ultimate  energy  density  or  volumetric  capacity  of  the 
active  material  was  made  on  the  basis  of  the  assumed  electrode  reaction 

charge 

Ni(OH)2  +  OH’  NiOOH  +  HaO  +  e"  (1) 

discharge 

and  the  effective  density  of  the  hydroxide  or  active  material,  p_,  as  follows: 

2, 
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1 26.  8  ampere-hour^  f  1  equivalent  j  j  g  \  /lb.  39  cm3  j  .. 

\  equivalent  j  \92.  7g  Ni(OH)J  |Pa  cm*/  |  inch3  J  (2) 

Bode  (Ref.  7)  has  reported  the  density  of  g-Ni(OH)a  to  be  3.  85g/cm?.  The  * 
density  of  freshly  prepared  Ni(OH)a  measured  with  a  picnometer  (using  water 
displacement)  was  found  to  be  3.  44  g/cm3.  The  discrepancy  between  this  and 
Bode's  value  may  be  caused  by  possible  hydration  of  the  Ni(OH)a  in  the  latter 
evaluation. 

The  density  of  the  oxidized  active  material  has  not  been  reported  in  the 
literature;  but,  for  this  analysis  it  was  assumed  to  be  the  same  as  that  of  the 
discharged  material.  Using  Bode's  value  of  3.  85  g/cm?.  Equation  2  gives  a 
maximum  volumetric  energy  density  value  for  the  active  material  of  18.  2 
ampere-hours/ inch?.  Since  a  portion  of  any  electrode  must  be  allocated  to 
"inert"  substrate  material  and  to  voids  or  residual  porosity  for  electrolyte 
access,  a  direct  reduction  in  Bode's  value  must  be  implemented  for  practical 
electrode  structures.  Also,  not  all  of  the  active  material  is  electrochemically 
available  for  the  desired  electrode  reaction  (Equation  1).  Therefore,  this 
"utilization  factor"  reduces  the  electrode  energy  density  to  an  even  greater 
extent.  A  useful  expression  for  the  energy  density  of  the  nickel  hydroxide 
electrode  in  terms  of  the  above  considerations  is: 


(Qv  ampere-hours / inch? )  =  r)Qv  (1  -  Vc  -  0)  (3) 


where: 

Ti  =  Fraction  of  the  active  material  electrochemically  active  in  the  electrode 

Vc  =  Volume  fraction  of  all  of  the  "inert"  material  in  the  electrode  (grid, 
binder,  conductor,  etc.  ) 

6  =  Residual  porosity  of  the  finished  electrode 

Qy  =  18.  2  ampere-hours/  inch?  for  this  electrode  as  previously  derived 

Equation  3  is  applicable  to  the  three  basic  types  of  electrode  configurations 
and  can  be  used  to  estimate  the  corresponding  energy  density  of  each  structure. 

ELECTRODE  CONFIGURATIONS 

Planar  Electrodes 

As  discussed  in  Section  2  of  this  report,  planar  electrodes  are  the  simplest 
type  of  electrode  structure  and  provide  a  convenient  means  for  performing 
x-ray,  microscopic,  crystalographic,  voltametric,  or  chemical  analyses 


of  the  active  material.  Methods  for  preparing  such  electrodes  can  be  classified 
according  to  the  following  five  categories: 

•  Anodic  oxidation  of  nickel  metal 

•  Chemical  attack  of  nickel  metal 

•  Cathodic  or  chemical  precipitation  of  nickelous  hydroxide 

•  Mechanical  "pasting"  with  various  binders  and  additives 

•  Electrophoretic  or  electroplated  deposits 

Briggs,  et  al  (Ref.  50)  prepared  electrode  samples  by  the  first  two  methods 
in  which  uneven  and  nonadherent  deposits  of  up  to  1  ma  hour/cmP  were 
obtained.  Henderson,  et  al  (Ref.  55)  found  that  when  the  nickel  surface  is 
first  coated  with  a  hydrophobic  layer,  anodic  oxidation  occurs  rapidly  and 
uniformly  in  KOH/KC1  solutions,  resulting  in  reversible  electrochemical 
capacities  of  up  to  2.  5  ma  hours/ cm2.  Further  oxidation  of  the  substrate 
resulted  in  nonadherent  or  electrochemically  inactive  additional  deposit.  If 
it  is  assumed  that  Henderson's  value  of  2.  5  ma  hours/cm2  corresponds  to  the 
maximum  effective  loading  of  active  material  on  foil  substrates,  that  the 
deposit  is  void  free,  and  that  it  can  be  cycled  at  100%  utilization,  the  thickness 
of  this  deposit  would  be  about  2c  microns.  If  it  is  further  assumed  that  both 
sides  of  a  foil  substrate  of  thickness  ts  are  activated  with  these  20p  deposits. 
Equation  3  reduces  to  the  following  expression  for  such  an  electrode: 

=  18’  2  j1  '  tg  +  40(0.  03937)]  (4) 

where  tg  is  the  substrate  foil  thickness  expressed  in  "mils.  "  Table  IB  shows  the 
values  of  Qv  for  various  foil  thicknesses  computed  on  the  basis  of  this  result. 

Table  18 

THEORETICAL  ENERGY  DENSITY  OF  PLANAR  ELECTRODES 
(20u  Active  Material  Deposit  --  Two  Sides) 

(mfls) 

0.  0 

0.  5 

1.  0 

1.  5 

2.  0 

2.  5 

3.  0 

3.  5 

4.  0 


Qv  , 
(amp-hrs/im ) 

18.  2 
13.8 


1 


X.  i 

9.  28 
8.00 
7.  00 
6.25 
5.  65 
5.  10 
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Thus,  under  the  most  optimistic  conditions  foils  of  less  than  about  2.  5- 
mil  thickness  would  be  required  to  achieve  the  energy  density  goal.  In  addition, 
over  eight  square  feet  of  active  area  (four  square  feet  of  electrode)  would  be 
required  for  a  single  20 -ampere- hour  cell. 

In  an  attempt  to  increase  the  surface  area  of  smooth  planar  substrates  in 
order  to  enhance  the  volumetric  capacity  of  the  resulting  secondary  electrode, 
Henderson  developed  a  method  (Ref.  56)  whereby  adherent  deposits  of  nickel 
sponge  were  electrolytically  "sintered"  to  foil  substrates  by  a  nickel  plating 
solution  containing  suspended  nickel  powder.  The  resulting  substrate  was 
found  to  be  similar  to  conventional  sintered  nickel  plaque.  When  this  sub¬ 
strate  was  anodically  oxidized  to  form  a  nickel  hydroxide  surface,  it  had  a 
volumetric  capacity  comparable  with  but  not  exceeding  that  of  commercial 
plates  (cr  5  ampere -hours /inch3). 

Blaek,  Pentecost,  and  Moore  (Ref.  57)  were  able  to  deposit  up  to  0.  75 
ampere- hour /feet*  of  active  nickel  on  a  three-mil  metallized  nonwoven 
Dynel*  fabric  by  means  of  a  modified  electroplating  technique  which  resulted 
in  electrodes  with  only  about  2  ampere -hours /inch*  volumetric  capacity.  These 
electrodes  were  developed  for  use  in  flexible,  thin-film,  sealed  nickel-cadmium 
cells  and  were  not  necessarily  designed  for  maximum  volumetric  energy 
density.  Nevertheless,  it  was  decided  that  the  high-energy  density  goal  could 
not  be  achieved  by  any  reasonable  variation  of  the  above  approaches. 

Plaque  Electrodes 

It  was  concluded  from  the  above  analysis  that  Ni(OH)a  is  nonconductive  and 
that  only  relatively  thin,  active  material  deposits  adjacent  to  the  electronically 
conductive  substrate  would  be  "active"  (the  local  active  material  utilization 
would  be  expected  to  diminish  with  increasing  distance  from  the  substrate). 
Ideally,  the  optimum  electrode  configuration  for  energy  density  would,  there¬ 
fore,  be  one  which  provides  for  a  maximum  volume  of  active  material  dispersed 
on  a  large  area  of  conductive  support.  Since  all  commercially  prepared  nickel 
hydroxide  electrodes  begin  with  some  form  of  porous  nickel  substrate,  this  is 
consistent  with  the  postulation  made. 

For  this  analysis,  plaque -type  substrates  can  be  assumed  to  be  inert,  elec¬ 
tronically  conductive  matrices  with  uniform  cylindrical  pores  of  r  diameter  D, 
and  a  length  L.  The  length  also  corresponds  to  the  thickness  of  the  substrate. 
The  active  mass  can  be  assumed  to  occupy  a  portion  of  the  void  volume  in  the 
form  of  a  uniform,  thin  deposit  on  the  walls  of  each  pore  such  that  the  final,  or 
residual,  porosity  of  the  electrode,  0,  corresponds  to  a  void-pore  diameter,  d. 
The  degree  to  which  the  substrate  is  loaded  with  active  material  can  then  be 
defined  in  terms  of  a  pore  utilization  factor.  E.  as  follows: 

E  *  Volume  of  active  material  ,  (Tr/4)(D3-da)  idik 
Total  pore  volume  (n/4)(D*)  ~  1  I  Dl 

♦Trademark 
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Assuming  that  the  active  material  loading,  the  substrate  thickness,  L,  and 
the  porosity,  Bs,  of  the  substrate  are  held  constant,  the  total  active  mass  sur¬ 
face  area,  A.  in  the  electrode  can  be  calculated  an  follows,  letting: 

V,j,  '  Total  electrode  volume 

N  =  Number  of  pores 

Vp  =  Total  pore  volume  -  Nl/fD2/  i 

A  =  NLTtd 


Therefore: 


Vp  NLTTD3 

vt  -  ^ 


(6) 


Solving  Equation  6  for  N  and  Equation  5  lor  D3,  then  substituting  tfte  results 
in  the  expression  for  A,  gives 

4Vt  9 

A  =  D  D 


This  result  shows  that  the  surface  area  of  the  active  material  in  contact 
with  either  the  electrolyte  or  the  pore  walls  (provided  the  pores  are  not  com¬ 
pletely  filled)  is  inversely  proportional  to  the  substrate  pore  diameter  under 
the  assumed  conditions.  Therefore,  considering  planar  electrodes,  the  use 
of  small er-pore  substrates  appears  to  be  advantageous,  because  a  specified 
electrode  capacity  could  be  achieved  with  proportionately  thinner  active  materir.l 
deposits.  All  other  things  being  equal,  the  thinner  active  material  layer  should 
lead  to  lower  ohmic  losses  in  the  electrode.  The  higher  surface  area  of  active 
material  afforded  by  smaller  pores  is  also  advantageous  from  the  standpoint 
of  current  density  on  the  active  material  --  the  lower  the  current  density,  the 
lower  the  overpotential  of  the  electrode.  In  addition,  Milner  and  Thomas 
(Ref.  1  )  have  shown  that  the  overall  active  material  utilization  increases  with 
decreasing  active  material  thickness. 

Still  another  agrument  can  be  made  in  favor  of  smaller  pores.  In  a 
collection  of  small  pores  having  the  same  total  cross-sectional  area  as  one 
large  pore,  the  concentration  gradients  in  the  radial  direction  are  smaller, 
leading  to  lower  concentration  polarization  effects.  Since  the  substrate  pore 
volume  (NLnD2/ 4)  and  the  electrode  thickness  have  been  held  constant  in  the 
above  analysis,  the  cross-sectional  area  for  ionic  diffusion  or  migration  from 
the  bulk  electrolyte  has  not  been  changed.  However,  as  the  pore  utilization  is 
increased  for  any  given  pore  size  (increased  active  mass  loadings)  this  cross- 
sectional  area  is  decreased  (reduced  residual  porosity),  thereby  reducing 
the  rate  capability  of  the  electrode.  Thus,  a  trade-off  between  the  energy 
density  and  the  rate  capability  of  the  electrode  occurs  as  the  residual  porosity 
or  active  mass  loading  is  varied. 
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Equation  3  can  be  used  to  show  the  dependence  of  electrode  energy 
density  on  this  residual  porosity  for  the  "idealized"  plaque  electrode.  In  this 
case.  Equation  3  reduces  to: 

Qy  =  18.2  n(9g  -  9)  (8) 

Figure  23  snows  the  computed  energy  density  as  a  function  of  residual  porosity 
for  several  initial  plaque  porosity  values  (current  collector  included),  assuming 
80%  active  mass  utilization  for  such  electrodes.  This  figure  shows  that  in 
order  to  achieve  an  energy  density  of  8  ampere-hours/inctf  with  an  80%  porous 
plaque  (typical  value  of  a  standard  sintered  nickel  battery  plaque),  the  residual 
porosity  cannot  exceed  about  32%. 

It  should  be  remembered  that  the  active  material  was  assumed  to  be 
"ideally"  deposited  in  the  plaque.  In  actual  practice,  some  pores  will  be 
plugged  with  the  active  material  while  in  other  electrodes  the  active  material 
itself  may  be  quite  porous.  Both  of  these  nonideal  conditions  can  be  expected 
to  result  in  pores  operating  at  extremely  low  utilizations.  For  this  reason, 
the  cathodic  deposition  process  (Ref.  37)  was  selected  as  the  most  promising 
method  for  loading  the  plaque-type  structures  for  the  fabrication  task.  A  full 
discussion  of  this  choice  over  conventional  chemical  impregnation  will  be  pre¬ 
sented  in  Section  5  of  this  report. 

In  further  attempts  to  determine  the  effects  of  residual  porosity  and  other 
structural  properties  on  the  rate  capability  and  the  active  mass  utilization  of 
plaque-type  structures,  the  continuum  or  one  dimensional  electrode  analysis 
of  Grens  and  Tobias  (Ref.  58)  was  analyzed.  This  electrode  model  is  relatively 
simple  in  that  variations  in  electrolyte  composition  and  conductivity  are  con¬ 
sidered  only  with  respect  to  the  depth  of  the  pores  (direction  normal  to  the 
plane  of  the  electrode).  In  spite  of  this  and  several  other  simplifying  assump¬ 
tions,  the  solution  to  the  system  of  resulting  differential  equations  required 
numerical  techniques  employing  a  digital  computer  to  perform  the  complex, 
finite-difference  analysis.  The  assumption  that  the  properties  of  the  porous 
electrode's  solid  phase  are  unaffected  by  the  passage  of  current  caused  the 
greatest  concern  about  the  applicability  of  the  analyses'  results  to  the  Ni(OH)a 
electrode. 

Nevertheless,  the  qualitative  results  obtained  in  applying  the  continuum 
model  to  relatively  simple  electrode  systems  (cadmium  oxide  anodes  and 
ferri-ferrocyanide  cathodes)  are  consistent  with  the  conclusions  derived  from 
the  initial  model  of  the  Ni(OH)a  electrode  and  the  general  behavior  demonstrated 
by  many  other  porous  electrode  systems.  The  key  elements  of  these  results 
follow. 

1.  The  local  current  density  on  the  active  mass  is  higher  at  the  electrode/ 
electrolyte  interface  than  it  is  in  the  deeper  regions  of  the  pores. 

2.  This  gradient  of  "reactivity"  with  respect  to  pore  depth  increases  with 
current  drain,  pore  tortuosity,  electrode  thickness,  and  reduced 
porosity. 
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Figure  23,  Theoretical  Energy  Density  of  Plaque  Electrodes 
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3.  At  constant  porosity,  changes  in  pore  size  have  no  direct  bearing  on 
the  transport  phenomena  between  the  free  electrolyte  and  the  porous 
electrode.  Pore  size  merely  dictates  the  specific  surface  (cm?  of 
reactant  surface  per  cm*  of  electrode  volume)  available  for  the  active 
mass.  This  affects  the  current  distribution  in  the  structure  only  as 
a  consequence  of  changes  in  the  electrode  overpotential  (for  constant 
active  mass  loading). 

Thus,  the  continuum  model  describes  the  expected  Ni(OH)a  electrode  behavior 
and  shows  the  qualitative  effects  of  the  major  electrode  parameters  on  this 
behavior  for  steady-  state  or  short-term  discharges. 

B  was  decided  that  an  experimental  program,  rather  than  a  continuation 
of  the  above  involved  mathematical  analysis,  would  be  a  more  efficient  means 
for  determining  the  effects  of  plaque  structure  at  practical  performance  levels 
and  depths  of  discharge.  This  experimental  program  was  aimed  specifically 
at  determining  the  effects  of  pore  size  and  plate  structure  on  the  active  mass 
utilization  and  the  corresponding  electrode  energy  density  at  approximately  the 
C /  5  discharge  rate. 

In  the  first  test,  four  samples  of  identical,  sintered-nickel  battery  plaque 
were  first  compressed  to  varying  degrees  and  then  loaded  by  cathodically 
precipitating  active  material  to  an  extent  proportional  to  the  unfilled,  com¬ 
pressed  sinter  porosity,  1  e. ,  to  the  same  pore  utilization  factors  for  each 
electrode.  These  plates  were  then  cycled  at  the  C/ 5  rate  based  on  their 
respective  weight  gains.  After  the  tenth  cycle,  capacities  were  determined, 
the  electrodes  were  chemically  analyzed  for  active  material  content  and  level 
of  cobalt  additive,  and  the  corresponding  active  material  utilizations  were 
computed.  The  pertinent  results  of  these  analyses  are  shown  in  Table  19. 

Table  19 

ACTIVE  MATERIAL  UTILIZATION 
AS  A  FUNCTION  OF  PLAQUE  COMPRESSION 


Final 

Thickneos 

(Inch) 

Cobalt* 

1  -  A 

ill  nu  live 

Material 

(ft) 

Initial 

W  dldht 

of  Sinter 
(s/dm3) 

FL-al 

VJmivi.* 

** 

of  Sinter 
(s/ dm*) 

Weight 
of  Ni<OH) 
+Co(OH)/ 
(ff/dm3) 

Tenth-cjcle 

Active 

Mass 

Utilization  (%) 

0223  (standard) 

12 

6.  8 

C.  8 

5.  84 

96 

0182  (compressed) 

12 

8.  8 

8.8 

5.03 

86 

0138  (compressed) 

11 

6.8 

8.  9 

2.  73 

75 

0110  (compressed) 

iO 

6.  S 

6.  S 

2.  16 

n  % 
t  i 

•All  the  solutions  used  for  electrochemical  precipitation  contained 
10  mole  %  cobalt.  Because  of  limitations  in  the  chemical  analyses, 
the  differences  in  cobalt  levels  are  not  considered  significant. 
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These  results  show  that  the  active  mass  utilization  decreases  with  in¬ 
creasing  compression  of  the  plaque  prior  to  loading.  The  ideal  structure 
analysis  predicted  that,  all  other  things  being  equal,  smaller  pores  would  lead 
to  higher  utilizations.  Since  some  uncontrolled  effects,  such  as  blockage  of 
the  surface  pores  by  compression  of  the  sinter  or  by  active  material,  might 
account  for  this  unexpected  result,  microsections  of  the  four  test  electrodes 
were  prepared.  Figure  24  shows  the  cross  sections  of  the  two  more -highly 
compressed  structures  of  this  test  The  white  areas  in  these  photographs  are 
metallic  nickel,  and  the  black  areas  are  the  pores  containing  the  active  material. 
An  examination  of  these  cross  sections  shows  that  the  surface  of  the  plaque 
material  did  tend  to  compress  to  a  greater  extent  than  the  interior.  The 
resulting  smaller  pores  at  the  surface  could  reduce  electrolyte  access  to 
the  bulk  of  the  active  material,  thereby  producing  the  inverse  relationship 
between  active  mass  utilization  and  average  pore  size. 

Because  of  these  inconclusive  experiments,  a  second  series  of  tests  was 
undertaken  to  establish  the  effect  of  substrate  configuration  on  the  active  material 
utilization.  Nine  different  samples  of  various  porous  nickel  materials,  ranging 
from  ultrafine  pore  plaque  (3  to  7p  pores)  to  Foametal*  material  x>  10(V  pores) 
were  loaded  with  active  material  to  approximately  the  same  pore  utilization 
factor.  The  three  materials  with  the  largest  pores  were  unsatisfactory  because 
of  their  inability  to  retain  the  active  material.  The  resulting  electrodes  were 
given  twelve  total-discharge  cycles  in  flooded  cells  at  approximately  the  C/5 
rate.  The  porosity  and  pore  size  distribution  of  the  unloaded  plaque  material 
were  determined  by  conventional  mercury  intrusion  methods.  The  average 
pore  size  of  the  Foametal  samples  was  greater  than  100  microns,  so  the  intrusion 
method  was  not  suitable  for  these  materials.  As  a  result,  a  microscopic  exam¬ 
ination  was  used  to  estimate  the  average  pore  size  of  these  samples.  These 
pore-size  data  are  useful  in  ranking  or  classifying  the  various  substrate  materials. 
The  experimental  data  from  the  above  tests  are  shown  in  Table  20. 

Figure  25  shows  the  active  material  utilization  and  the  corresponding  energy 
density  as  a  function  of  the  average  pore  size  of  the  various  substrate  materials. 
The  spuriously  high  value  for  the  active  material  utilization  for  the  500^ pore 
size  material  occurred  because  most  of  the  active  material  did  no!  adhere  firmly 
io  ihe  substrate  and  was  lost.  The  firmly  adherent  material  had  a  high  utilization. 

These  results  suggest  that  a  high  interfacial  contact  area  between  the  con¬ 
ductor  and  the  active  material  is  important  in  achievirqg  high  active  mass  utiliz¬ 
ation  and  electrode  energy  density.  On  this  basis,  it  appears  that  the  pore  size 
of  conventional,  sintered  battery  plaque  is  about  at  the  optimum  value  and  that 
relatively  little  Improvement  in  trie  Nl(OH)a  electrode  can  be  expected  re¬ 
sult  from  further  alterations  in  the  physical  properties  of  the  plaque-type 
structure.  Efforts  to  achieve  an  improved  plaque  electrode  should  therefore 
be  aimed  at  developing  better  active  material  loading  techniques  and  methods 


♦Registered  U.  S.  Trademark  of  the  General  Electric  Company 
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for  achieving  full  utilization  of  the  benefits  to  be  derived  from  the  use  of 
additives. 

Pasted  Electrodes 

Pasted,  or  polymer -bonded,  structures  offer  an  additional  degree  of 
freedom  in  electrode  design  over  plaque  structures.  That  is,  the  active 
mass-conductor  interfacial  area  in  these  structures  can  be  adjusted  by 
variations  in  the  physical  properties  of  the  c  onductor  alone,  while  all  other 
parameters  (conductor- active  mass  ratio,  residual  porosity,  volume  of 
conductor,  etc. )  are  held  constant.  Since  each  individual  conductive  particle 
can  be  surrounded  (ideally)  with  active  material  in  the  pasted  structure,  it 
may  be  expected  that  for  a  given  electrode  volume  the  pasted  structure 
provides  a  greater  interfacial  area  than  possible  with  a  plaque  substrate.  On 
the  other  hand,  the  discontinuity  of  conductive  particles  in  the  pasted  structure 
can  be  expected  to  result  in  a  lower  overall  electronic  conductivity  when  com¬ 
pared  with  the  plaque-based  electrode.  Thus,  the  optimization  of  pasted 
structures  must  first  be  concerned  with  the  trade-off  between  electronic  con¬ 
ductivity  on  the  one  hand  and  active  mass  utilization  on  the  other,  while  inter¬ 
actions  between  the  electrode  and  the  electrolyte  appear  to  play  only  a 
secondary  role. 

Since  little  literature  exists  on  pasted  Ni(OH)a  electrodes  and  a  great 
deal  of  "art"  would  probably  be  required  in  the  fabrication  of  such  electrodes, 
it  was  decided  that  an  experimental  rather  than  an  analytical  approach  would 
best  determine  the  feasibility  of  pasted  structures.  Equation  3  can  be  used 
directly  to  predict  the  available  energy  density  of  pasted  electrodes  under  ideal 
conditions.  Figure  26  shows  the  relationship  between  this  energy  density  and 
residual  electrode  porosity  for  various  levels  of  conductor,  assuming  80% 
active  mass  utilization  and  10  weight  %  of  a  binder  having  a  density  of  1  g/cm\ 
Further  discussion  of  the  lasted  nickel  hydroxide  electrode  is  presented  in 
Section  5  of  this  report. 


Section  5 


PLATE  FABRICATION 


SINTERED  STRUCTURES 
Introduction 

A  survey  of  available  literature  revealed  several  procedures  for  activating 
sintered  structures  with  Ni(OH)a.  The  various  methods  fall  into  three  basic 
categories: 

•  Impregnation  with  solutions  of  nickel  salts  followed  by  conversion 
of  the  salts  to  hydroxide 

•  Oxidation  of  metallic  nickel  to  electrochemically  active 
Ni(OH)a 

•  Electrochemical  precipitation  of  Ni(OH)afrom  nickel 
salt  solution 

There  is  some  overlapping  between  the  first  two  categories. 

Impregnation  Methods 

The  commercial  impregnation  process  most  commonly  used  for  pre¬ 
paring  nickel  hydroxide  electrodes  is  described  by  Milner  and  Thomas  in 
Reference  1.  As  described  in  Reference  1,  the  process  involves  the  vacuum 
impregnation  of  the  plaque  with  concentrated  nickel  nitrate  solution.  A 
slight  excess  of  nitric  acid  is  added,  and  subsequent  precipitation  of  the 
hydroxide  is  accomplished  by  imersion  in  a  hot  alkali  solution.  Five  to 
seven  such  vacuum  impregnation  cycles  are  usually  required  to  load  the 
desired  amount  of  active  material  in  the  plates. 

A  significant  portion  of  the  resulting  electrode  capacity  is  derived  from 
the  corrosion  of  the  sintered  nickel  structure  during  this  vacuum  impregnation 
process.  Plates  can  be  designed  to  have  specific  capacities  from  5.  5  to  7 
ampere  hours/ inch*.  This  depends  on  the  type  of  plate  and  the  number  of 
impregnation  cycles  the  plate  is  subjected  to. 

Belove  et  al  (Ref.  59)  report  specific  capacities  of  impregnation- activated 
Ni(OH)?  electrodes  of  up  to  8.  6  ampere -hours /inch*.  However,  this  was  ob¬ 
tained  after  ten  100%  depth- of- discharge  cycles  in  excess  electrolyte  anrf  was 
based  on  the  initial  electrode  thickness.  Initial  specific  capacity  was  less  than 
5.  0  ampere-hours/ inch”'.  Popat  et  al  (Ref.  60)  report  first-cycle  specific  ca¬ 
pacities  aa  high  as  11  ampere-hours/ inch*  for  impregnated  electrodes.  As 
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much  as  55%  of  the  sinter  was  corroded  during  activation.  It  was  stated  that 
plates  thicker  than  0.  035  inch  warped  during  formation  and  cracked  under 
restraint.  Behavior  of  this  type  of  heavily  loaded  plate  during  cycling  had  not 
yet  been  established.  Rampel  (Ref.  61)  patented  a  method  for  impregnating 
porous  plaques  with  nickel  salts  dissolved  in  low  surface-tension  organic 
solvents.  In  one  example  cited,  active  material  weight  gain  in  four  impregnation 
cycles  was  1.  8  g/cm*  of  pore  volume. 

A  variation  on  the  impregnation  orocess  is  the  addition  of  a  step  in  which 
the  nickel  nitrate  is  thermally  decomposed  to  some  degree  before  being  converted 
to  Ni(OH)a  in  caustic.  Bourgault  et  al  in  Reference  62  claim  that  heat- 
impregnated  plaque  from  180®  to  220®  C  improves  the  electrochemical  utilization 
of  the  active  material.  Part  of  the  active  material  in  their  electrodes  was  de¬ 
rived  from  corrosion  of  the  sinter.  Plates  given  a  single  impregnation- thermal 
decomposition  cycle  have  up  to  4. 3  ampere- hours/ inch*  in  capacity  at  a  C/20 
discharge  rate.  Plates  given  two  cycles  have  shown  capacities  up  to  7.  5  ampere- 
hours/inch*  at  a  1  ma/ cm*  discharge  rate.  The  doubly- impregnated  plates  had 
a  relatively  short  life  and  disintegrated  on  cycling. 

Menard  (Ref.  63)  patented  a  claimed  improvement  on  the  method  of 
Bourgault  et  al.  Menard  claimed  up  to  8  ampere- hours  /inch*  specific  capacity. 
Part  of  the  electrode  capacity  was  derived  from  corrosion  of  the  sinter. 

Oxidation  or  Corrosion  Methods 


Several  methods  have  been  reported  for  activating  or  increasing  the 
capacities  of  Ni(OH),  electrodes  by  deliberate  corrosion  of  the  nickel  sinter. 
Both  chemical  and  electrochemical  methods  have  been  used.  Ackermann  et  al 
(Kefs.  64  and  65)  have  patented  methods  for  corroding  sintered  nickel  by  wetting 
the  plaque  with  a  solution  of  corrosive  salts  and  exposing  it  to  moist  air  or  to 
steam.  The  nickel  salts  produced  by  the  corrosion  were  then  converted  to 
Ni(OH)a  by  immersing  the  t.Vctrode  in  hot  caustic  solution.  A  specific  capac¬ 
ity  of  4. 5  ampere -hours /inch*  is  reported.  If  the  electrode  prepared  as  de¬ 
scribed  above  is  then  given  an  impregnation  cycle,  the  specific  capacity  is 
increased  to  7.4  ampere- hours /inch*. 

Henderson  et  al  (Ref.  55)  studied  the  production  of  Ni(OH),  on  nickel  foils 
by  anodization  in  KOH/KC1  solutions.  They  found  that  coating  the  nickel  with 
a  hyurophobic  layer  promoted  production  of  nickel  hydroxide.  Cleaned  nickel 
surfaces  tended  to  evolve  oxygen  without  being  attacked.  Schneider  (Refs.  66 
and  67)  developed  a  method  of  anodic  ally  corroding  sintered  nickel  in  a  sodium 
bicarbonate  solution.  He  produced  1-mm  thick  electrodes  with  a  maximum 
specific  capacity  of  4.9  ampere- hours/ inch*  and  3-mm  thick  plaque  with  a  max¬ 
imum  specific  capacity  of  3. 0  ampere-hours/inch*.  Okinaka  and  Turner  (Ref. 

68 )  patented  a  method  of  increasing  the  capacities  of  previously  activated 
Ni(OH)t  electrodes  by  cycling  them  in  6.  9N  K.CO  .  The  presence  of  the 
carbonate  ions  promoted  the  anodic  corrosion  of  the  metallic  nickel.  They 
claim  a  specific  capacity  of  5. 8  ampere -hours /inch*. 
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Electrochemical  Precipitation  Methods 

Electrochemical  precipitation  methods  f^r  forming  active  material  in 
the  pores  of  porous  structures  fall  into  two  categories  --  anodic  and  cathodic. 

Kober  (Ref.  69  )  reported  on  a  method  uf  depositing  nickel  hydroxide  by 
anodizing  porous  sintered  nickel  plaque  in  *  28%  ammonium  hydroxide  solution 
containing  nickel  formate.  The  mechanism  is  not  known,  but  the  nickel  ions 
from  the  solution  are  deposited  as  hydroxide  in  the  pore  structure  of  the  plaque. 
Plates  with  specific  capacities  from  5. 8  to  8. 2  ampere -hours /inch*  have  been 
produced,  using  a  12-hour  deposition  time.  Briggs  et  al  (Ref.  70  reported  on 
the  preparation  of  foil  electrodes  by  anodic  deposition  from  a  bath  containing 
nickel  and  sodium  acetates  acidified  to  a  pH  of  4. 8.  The  mechanism  for  this 
process  is  not  clearly  understood. 

Kandler  (Ref.  39)  and  others  (Refs.  37  and  38)  have  worked  on  a  cath¬ 
odic  electrocnemical  process  for  depositing  nickel  hydroxide  from  nickel 
nitrate  solutions  without  additives.  The  mechanism  is  fairly  well  estab¬ 
lished.  The  nitrate  ions  are  electrohemically  reduced  to  ammonium  hydrox¬ 
ide  at  the  test  electrode  according  to  the  following  formula: 

NQT  +  10  H+  +  8  e  =  2  NH*  +  3  HsO  . 

The  consumption  of  hydrogen  ions  raises  the  pH  locally  to  a  sufficiently  high 
value  to  cause  the  nickel  ions  to  precipitate  as  nickel  hydroxide.  The  process 
is  then  a  balance  oetween  the  rate  of  consumption  of  hydrogen  ions  (or  the 
generation  of  hydroxyl  ions),  the  rate  of  diffusion  of  nickel  ions  i:  lo  the  porous 
lectrode  structure,  and  the  rate  of  diffusion  of  hydrogen  ions  from  the  bulk 
solution  into  the  electrode  (or  the  rate  of  diffusion  of  hydroxyl  ions  out  of  the 
electrode  structure).  With  proper  selection  of  solution  concentration,  temper¬ 
ature,  and  current  density,  the  precipitation  of  nickel  hydroxide  into  the  porous 
piaque  structure  can  be  made  to  begin  at  the  center  of  the  plaque  structure  and 
proceed  outward  as  the  inner  pores  become  filled.  The  proper  conditions  will 
vary  with  plaque  porosity,  thickness,  and  pore  geometry. 

McHenry  (Ref.  38)  made  a  series  of  electrodes  using  solutions  of  0.  2M, 

1. 0M.  and  4. 0M  nickel  nitrate,  current  densities  of  45,  220,  and  1110  ma/incha/ 
side,  and  temperatures  of  25,  50,  and  75®  C.  At  each  solution  concentration 
and  temperature,  he  found  a  best  current  density.  There  appeared  to  be  no 
significant  advantage  in  using  either  high  temperature  or  low  solution  con¬ 
centration.  He  chose,  for  convenience  and  speed  of  preparation,  the  conditions 
of  25® C,  4.  0  molar  solution,  and  1110  ma/inch*/side  current  density.  Hausler 
(Kef  37)  and  McHenry  (Ref.  38)  have  produced  electrodes  by  this  method  giving 
2.4  co  5.1  ampere-hours/ inch*  in  flooded  electrolyte. 

The  electrochemical  precipitation  process  was  chosen  as  the  most  promis¬ 
ing  activation  method  from  the  standpoint  of  the  goals  of  this  study.  Porous 
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plaque  structures  can  be  activated  without  corrosion,  and  some  additives  can 
be  co-precipitated  with  the  nickel  hydroxide  and  uniformly  distributed  through¬ 
out  the  active  material.  It  was  felt  that  it  would  be  difficult  to  produce  elec¬ 
trodes  with  reproducible  capacities  using  activation  techniques  that  depend  at 
least  in  part  on  corrosion  of  the  sintered  nickel  for  the  active  material. 

Development  or  Electrode  Activation  Method 

Several  preliminary  test  electrodes  were  prepared  by  the  above  pro¬ 
cess,  using  various  nickel  nitrate  solution  concentrations  and  current  densities. 
Cobalt  nitrate  was  included  in  all  of  the  solutions  in  the  ratio  nickel- to- 
cobalt  of  9  to  1.  The  electrochemical  precipitations  were  done  in  Lucite* 
plastic  cells  constructed  so  as  to  minimize  current  density  variations  across 
the  faces  of  the  test  electrodes.  O^c  test  electrode  was  mounted  vertically 
between  two  sheet  nickel  counter  electrodes  spaced  3/16  of  an  inch  from  it. 

The  sides  and  bottoms  cf  the  electrodes  touched  the  sides  and  bottom  of  the 
cell.  The  cells  were  filled  with  just  sufficient  solution  to  cover  the  top  of 
the  test  electrode.  The  test  electrode  had  1.  75  inches  by  3.  0  inches  of  active 
area  with  a  tab  connected  to  one  short  edge.  The  plaque  material  consisted 
of  carbonyl  nickel  powder  sintered  to  a  nickel  mesh  or  screen.  The  porosity 
of  the  sinter  was  about  857c  and  of  the  unimpregnated  electrode,  including  the 
mesh,  about  807c. 

After  the  electrochemical  precipitation  was  complete,  the  test  electrode 
was  immersed  in  hot  (60  to  70°)  31%  KOH  for  about  one  hour  then  washed 
and  dried.  Capacity  of  the  electrode  was  determined  by  charging  and  dis¬ 
charging  it  twice  in  31%  KOH  in  a  flooded  cell.  The  electrodes  were  discharged 
at  a  convenient  current  between  the  C  and  C/5  rate.  The  second- cycle  dis¬ 
charge  capacity  and  the  initial  plaque  thickness  were  used  to  calculate  specific 
capacity.  Table  21  summarizes  the  results  of  the  first  series  or  electrodes 
made. 

These  results  and  those  of  McHenry  (Ref.  38)  show  that  a  given  solution 
concentration  there  is  an  optimum  current  f~>r  electrochemical  precipitation. 
For  instance,  for  a  0. 1-molar  solution.  9.  6  ma/cm3  was  too  high  a  current. 

The  precipitated  material  formed  on  the  surface  of  the  electrode  and  flaked 
off.  For  a  2.5-molar  solution,  4.8  ma/cm3  was  too  low  a  current.  The 
diffusion  of  hydrogen  ions  from  the  bulk  solution  was  sufficiently  high  to  pre¬ 
vent  the  pH  increase  necessary  to  precipitate  the  nickel  hydroxide.  Because 
the  optimum  current  increases  with  increasing  concentration  and  the  amount 
of  material  deposited  in  the  plaque  does  not  appear  to  depend  on  solution  con¬ 
centration,  a  4.  0- molar  solution  was  chosen  for  subsequent  experiments. 

Higher  concentrations  of  the  solution  would  have  been  more  nearly  saturated 
and  not  as  easily  prepared.  The  use  of  high  concentrations  and  high  currents 
is  advantageous  from  a  processing  standpoint  --  leaa  time  is  required  for 
electrode  preparation. 

♦Trademark 
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Table  21 


ELECTRODES  IMPREGNATED  BY  ELECTROCHEMICAL  PRECIPITATION 


C onot-nt ration  of 

Ni  ( \<fk  Co)  <MOs)? 

( moles  /  i) 

Electrode 

Thickness 

(mils) 

Current 

Density 

(ma/cm*/side) 

Chsrge 

input 

(a  to© -in  in) 

Weight 

Pickup 

(g/ln3) 

Specific 

Capacity 

(amp- hr  a /tn.  *)** 

0.  1 

22 

P.6 

102 

small 

small 

0.  3 

22 

9.  6 

140 

18.  5 

3.7 

0.  3 

22 

4.8 

120 

16.  1 

4.  S 

2.  5 

22 

4.8 

120 

small 

small 

4.  0 

30 

ISO 

183 

20.4 

4.9 

4  0 

22 

* 

170 

20.8 

6.0 

4  0 

30 

* 

170 

19.0 

5.3 

*  15  ma/tm;  for  20  minutes  p'us  75  ma/cm*  for  10  minutes  plus  ISO  ma/rm?  for  10  minutes. 
r-  Based  on  initial  thickness  and  second  cycle  discharge  capacity. 


A  second  series  of  electrodes  was  made  to  determine  the  optimum  cur¬ 
rent  and  precipitation  time  for  a  4.  0-molar  nickel  (10%  cobalt)  nitrate  solu¬ 
tion.  The  plaques  used  were  1. 75  inches  by  3.  0  inches  by  0. 0255  inch  and 
81%  porous. 

The  following  method  was  selected  as  being  suitable  for  electrode  pre¬ 
paration: 


1.  Add  4.  0-molar  mixed  nickel  and  cobalt  nitrates  to  the  test  cell 
containing  the  teat  electrode  and  the  two  sheet  nickel  counter  elec¬ 
trodes.  The  counter  electrodes  are  spaced  5/16  of  an  inch  from  the 
test  electrode. 

2.  Connect  the  power  supply  w  ithin  two  minutes  after  filling  the  cell 

in  order  to  minimize  plaque  corrosion.  Connect  the  negative  of  the 
power  supply  to  the  test  electrode. 

3.  Within  two  minutes  after  disconnecting  the  power  supply,  remove 
the  electrode  from  the  solution  and  immerse  it  in  hot  31%  KOH, 
at  55  to  65*C,  for  one  hour. 

4.  Rinse  thoroughly  with  distilled  water  and  scrub  the  active  material 
from  the  surface  of  the  electrode  with  a  nylon  bristle  brush. 

5.  Dry  in  the  air  for  one  hour  at  65* C.  This  step  could  be  eliminated 
between  precipitations  if  intermediate  weight  gains  were  not  needed. 
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Table  22  shows  the  weight  gains  for  one  precipitation  cycle  at  various  currents 
and  charge  inputs. 


Table  22 

EFFECT  OF  CURRENT  AND  CHARGE  INPUT 
ON  ACTIVE  MATERIAL  PICKUP 

_ Charge  Input _ 

(60  Ampere- minutes)  (120  Ampere 'minutes) 
Amperes  (g/inch*) _  _ _(g/  inch*  ) _ 


2* 

12.  3 

18.0 

6 

13.8 

17.4 

10 

14,  7 

17.0 

2  +  4*^ 

12.  5 

18.6 

2  +  !♦♦ 

13.  2 

18.2 

*  Equivalent  to  180  ma/ inch*/  Side 


♦♦One- half  of  charge  Input  at  each  current 

For  the  60- ampere- minutes  charge  input,  the  efficiency  of  precipitation 
increased  with  increasing  current,  but  the  opposite  was  true  for  the  120  am¬ 
pere-minutes  charge  input.  Inspection  of  the  electrodes  showed  that  at  the 
higher  currents  the  precipitated  material  tended  to  build  up  on  the  electrode 
surface  rather  than  in  the  pores.  At  the  higher  charge  input,  the  electrodes 
warped,  and  a  large  excess  of  material  formed  on  the  surface.  This  excess 
was  later  scrubbed  off. 

At  the  lower  current  densities,  small  lumps  of  active  material  about 
1  mm  in  diameter  formed  on  the  surface  of  the  test  electrode.  At  all  current 
densities  at  the  higher  charge  inputs,  the  surface  (where  not  speckled)  was 
coated  with  a  film  of  dark  green  deposit.  When  scraped  loose,  this  deposit 
had  the  consistency  of  paste. 

Because  the  amount  of  active  material  precipitated  into  the  plaque  struc¬ 
ture  was  considerably  leas  than  theoretically  expected,  electrodes  were  pre¬ 
pared  which  were  given  three  precipitation  cycles.  On  the  basis  of  the  above 
tests,  the  method  chosen  for  the  first  cycle  was  2  amperes  for  50  ampere- 
minutes  plua  4  amperes  for  50  ampere- minutes.  The  charge  input  was  re¬ 
duced  from  120  to  100  ampere -minutes  to  reduce  both  the  warping  of  the  elec¬ 
trodes  and  the  deposition  of  excess  surface  material.  The  precipitation 
cycles  were  carried  out  as  outlined  previously.  Table  23  shows  the  currents, 
the  charge  inputs,  and  the  weights  gained  fox  each  of  the  cycles. 
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Table  23 


ACTIVE  MATERIAL  LOADING  OP  5.  25- INCH*  ELECTRODES 


Klrrtrodc 

%  tifbt  C*n 
K«r*l  Pr*e<*.  • 
<*/•■*> 

St  on*  PrtcaUtUM 

T1ur8  PrKCMUuM 

Current 

(•imp) 

Ctarf* 

tapat 

(unp-oua) 

Ctia 

U  fm.*J 

fatal  We.«U 
Gum 

U.'MlM 

Curreat 

JiSXL 

OtaTfr 

tap* 

(Utta-aua) 

(5  t-iptit 
G»i» 
(«/*-*) 

totaling  » 

tUMt 

iMUal 1  - 

49 

t«.» 

1 

H 

it 

li.  t 

8.1 

25 

3.4 

28.5 

SO 

n.o 

2 

St 

7.2 

24.2 

8.  25 

t; 

2  r 

I*.  4 

n 

17.3 

8.  i 

40 

7.1 

25.  2 

8.  5 

52 

4.  5 

29  7 

it 

17.  7 

3 

45 

8.  • 

21.8 

8.25 

28 

29.  t 

•  \U  ******  are  baaed  nr  initial  plaque  thick**** 

•  *s  »  llu'lt).  9  '•I'Nr 


The  results  of  the  second  cycle  weight  determinations  show  that  the  cor¬ 
responding  optimum  current  is  0.  5  to  1  ampere  less  than  the  optimum  current 
for  the  first  precipitation  cycle.  The  reason  for  this  is  that  the  porosity  and 
the  pore  size  have  been  reduced  and  less  current  is  i  equired  to  maintain  the 
proper  rise  in  pH  within  the  electrode  structure.  The  charge  inputs  for  the 
second  cycle  were  all  greater  than  necessary,  the  excess  charge  produced 
surface  material  which  was  brushed  off  during  washing.  The  data  from  the 
third  precipitation  cycle  are  more  ambiguous  because  of  the  differences  in 
the  previous  weight  gains  and  because  one  of  the  charge  inputs,  1 1  ampere- 
minutes  at  0.  25  ampere,  was  too  low.  All  of  the  other  charge  inputs  pro¬ 
duced  considerable  excess  surface  material. 

The  four  electrodes  described  above  were  tested  for  capacity  by  cycling 
them  in  31%  KOH  in  floodec  cells.  Each  positive  electrode  was  placed  between 
two  commercial  cadmium  anodes,  using  one  layer  of  Pelloc  2505  ML*  nonweven 
nylon  as  the  separator.  Each  electrode  pack  was  held  under  light  compression 
between  Lucite  plastic  plates  in  order  to  prevent  Hexing  and  bending  oi  the 
electrodes.  The  test  cells  were  given  24  100%  depth- of- discharge  cycles  at 
200  ma  (at  approximately  the  Cl 4  to  C/5  rate).  The  charge  period  was  6  hours 
at  200  ms..  about  20%  excess. 

Because  of  malfunctions  in  the  cyclers  and  some  of  the  recorders,  the 
capacity  change  during  cycling  could  not  be  determined  exactly,  but  it  averaged 
about  a  209  increase  during  24  cycles.  The  malfunctions  also  resulted  in 
Electrode  52  being  cycled  14  times.  The  capacity  increase  can  be  ascribed 
to  two  sources:  improvement  in  utilization  of  the  active  material;  and  corrosion 
of  the  substrate.  What  fraction  to  assign  to  each  mode  is  uncertain.  If  all  of  the 
increase  were  caused  by  cor  roc  ion,  13%  of  the  sinter  would  be  corroded,  corres¬ 
ponding  to  a  weight  gain  (assuming  Ni(OH)t  as  the  product)  of  190  mg.  The 
largest  measured  weight  gain  was  60  mg.  Subsequent  chemical  analysis  of  the 
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cycled  electrodes  indicated  an  average  of  4%  corrosion  of  the  sinter.  This 
corresponds  to  an  average  increase  in  capacity  of  about  0. 05  ampere-hour, 
or  about  6%  of  the  initial  capacity. 

Table  24 

CYCLING  TESTS  OF  5. 25-INCH*  ELECTRODES 


Increase 


Electrode 

No. 

Initial 

Electrode 

Thickness 

in  Thickness 
During  Cycling 
<%) 

Final 

Capacity 

(amp-hrs) 

Final  Specific 
Capa*_.*y  (1 
(amp-hrs/ m.  *) 

49 

23.  7& 

28 

0.  99 

6.3 

50 

22. 6 (3 

28 

1.02 

6.7 

51 

25.9 

20 

i.  01 

t.3 

52*4 

25.2 

14 

0.  97 

6.4 

1  /  Baaed  on  electrode  volume  after  cycling 

2)  Compressed  dry  under  19,000  psi  after  activation 

3)  Roiled  dry  aft**  activation.  Elongated  by  3%  during  rolling 

4)  Given  14  cycles.  Other  electrodes  given  24  cycles 

Table  24  lists  the  results  of  the  cycling  tests  and  the  measurements  of 
electrode  thickness  after  cycling.  The  increase  in  thickness  of  the  electrode 
during  cycling  indicates  that  the  active  material  density  varies  with  the  state - 
of- charge  and  exerts  considerable  pressure  on  the  sintered  structure.  As  sum 
ing  a  density  of  3.  85  g/cm*  for  Ni(QH),  (Ref.  7),  Electrode  52  was  about  34% 
porous  after  activation,  corresponding  to  about  58%  filling  of  the  pore  volume. 
Swelling  of  the  cycled  plates  resulted  in  a  considerable  reduction  in  specific 
capacity,  it  is  interesting  to  note  that,  although  specific  capacities  based  on 
«n<»ai  electrode  thicknesses  and  Last- cycle  capacities  ranged  from  7. 3  to  8. 4 
ampere- hours /inch*,  the  specific  capacities  based  on  final  thickness  ranged 
from  8.3  to  6. 7  ampere- hours/ inch*. 

Samples  were  cut  from  Electrodes  49  to  52  for  chemical  analysis  and 
for  microsectioning.  Using  a  method  developed  by  Kroger  (Ref.  71),  sam¬ 
ples  were  leached  to  remove  me  oxidized  nickel  and  cobalt  without  dissolving 
the  metallic  nickel  sinter.  Analysis  was  then  made  for  Nt**,  Co4*,  and  nickel 
(metal)  per  unit  volume  of  electrode.  Table  25  summarizes  the  results  of  the 
analyses.  Utilization  of  the  active  material  (ampere-hour /g)  was  calculated, 
assuming  that  the  cobalt  contributes  to  the  electrode  capacity. 


The  mi  cross  ctious  of  Electrodes  49  to  52  were  examined  and  no  signifi¬ 
cant  differences  in  appearance  between  the  electrodes  could  be  seen.  Photo- 


micrographs  were  taken  of  a  cross  section  of  Electrode  50  at  magnifications 
of  100X,  f'OX,  and  500X  and  are  shown  in  Figures  27,  ?8,  and  29.  The  white 
areas  are  metallic  nickel,  the  black  areas  are  active  material, and  the  gray 
areas  are  epoxy.  It  appears  that  a  significant  part  of  the  void  volume  consisted 
of  areas  not  filled  because  of  gas  pockets  trapped  (hiring  the  electrochemical 
precipitation  process. 


Table  25 

CHEMICAL  ANALYSIS  OF  CYCLED  ELECTRODES 


Corrosion 


KW-ctrode 

No. 

Ni~  ♦  Co4* 
(moles  /  In.  *) 

Mole  •*  Co44  In 
Active  Material 

Mole  %  K4  in 
Active  Material* 

Utilization  ~ 

of  Ni  Sinter 
<<> 

49 

0.  230 

1) 

L4 

102 

2 

30 

0.  228 

9 

Li 

111 

8 

31 

0.  223 

8 

L7 

10S 

3 

32 

0  236 

9 

L0 

101 

4 

r  -  4  j"  _ _ 

rjcciuaing  scrnen  ctrrrm  collector 

♦  4-  - 

Based  on  last  cycle  capacity  and  on  moles  Ni  ♦  Co  /in. 


Sealed  Cell  Testing. 

In  order  to  test  sintered  electrodes  of  the  size  used  in  20- ampere-hour 
sealed  cells,  electrodes  2.  75  inches  by  5.  4  inches  were  fabricated,  cycling 
apparatus  was  assembled  and  sealed  test  cells  were  designed  and  built.  Four 
electrodes  were  activated  using  the  electrochemical  precipitation  method  de¬ 
scribed,  each  with  a  different  nickel  hydroxide -to- cobalt  hydroxide  ratio. 

These  four  electrodes  and  two  commercially  sintered  nickel  positive  plates 
were  cycled  100  times  to  about  70%  depth  of  discharge  at  approximately  the 
C/4  rate.  Full  discharge  cycles  were  taken  at  three  points  to  determine 
capacity  maintenance.  Another  set  of  partial  charge  and  discharge  cycles 
were  taken  to  measure  electrode  charge  acceptance  efficiency. 

Electrode  Fabrication.  U3ing  the  electrochemical  precipitation  method  dia- 
cussed  on  page  80,  four  2.  75- inch  by  5.  4- inch  electrodes  were  prepared,  using 
4.  0- molar  solutions  containing  nickel  nltrsteand  0-,  5-,  10-,  and  15- mole  "fccotsklt 
nitrate.  The  currents  and  precipiiaiiou  times  used  were  170  ma/inch* /aide 
for  ’O  minutes,  95  mu /inch* /side  for  60  minutes,  and  48  ma/inch*/side  fo» 

70  minutes  for  the  first,  second,  and  third  precipitation  c>des,  respectively. 

To  insure  maximum  pore  filling,  sufficient  tiroes  were  used  to  produce  excess 
material  on  the  surface  of  the  test  electrodes,  an  excess  that  was  later  re¬ 
moved.  The  plaque  used  was  28.3  mils  thick,  weighed  755  mg/inch*,  and 
contained  a  20  by  20  mesh,  7- mil  wire  screen  as  a  current  collector.  The 
plaque  was  initially  about  82%  porous,  including  the  current  collector. 
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V  V 


Figure  28.  Cross  Section  of  Electrode  50  (Magnified  230X) 
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Figure  29.  Cross  Section  of  Electrode  50  (Magnified  500X) 


90 


Table  26  summarizes  the  results  of  the  activation  by  electrochemical 
precipitation.  The  weight  gains  are  slightly  less  than  those  obtained  for  the 
smaller  electrodes.  After  the  third  precipitation  cycLi,  the  electrodes  were 
compressed  by  rolling  them  between  chrome-plated  rollers  and  then  formed 
in  excess  31%  KOH  by  charging  them  completely,  overcharging  for  about  15 
minutes  at  3  amperes,  discharging  completely,  and  oveT'discharging  for  about 
one  hour  at  200  ma.  After  being  washed  and  dried,  the  electrodes  were  ready 
for  assembly  into  the  test  cells. 


Table  26 

PREPARATION  OF  2.  75-INCH  BY  5.  4-INCH  ELECTRODES 
BY  ELECTROCHEMICAL  PRECIPITATION 


Electrode 

No. 

T,U 

(mil) 

Mole  Cobali 
in  Solution 
<*> 

First 

Precipitation 
Weight  Gain*3 
(c/in?) 

Second 
Precipitation 
Weight  Gain'3 
it/  in? ) 

Third 

Precipitation 
Weight  Gain'4 
U/in*) 

Total 

Weight 

Gain 

Total  Weight 
Gaia 

per  Electrode 
_ lli _ 

iHlll 

59 

26.  3 

10 

16.  7 

6. 1 

3.6 

36.  4 

10.05 

24.8 

60 

26.4 

0 

6.6 

3.2 

26.7 

10  11 

IS  3 

61 

26.  3 

6 

15.6 

7.  7 

3.6 

27.3 

10.44 

25.0 

62 

26  3 

15 

16.0 

8.3 

3.6 

26.  1 

10.63 

25.0 

1)  Unactivated  plaque  thicknea* 

2)  5  ampere*  (or  70  minute*.  Weight  gains  baaeo  on  T, 

3)  2.  8  amper.a  (or  go  minutes 

4)  1.4  amperes  (or  70  minutes 

5)  After  actuation  compression  and  electrochemical  formation 


After  the  testing  in  sealed  cells  was  complete,  the  electrodes  were 
chemically  analyzed  to  determine  the  amounts  of  nickel  ions,  cobalt  ions, 
potassium  ions,  and  metallic  nickel.  The  results  of  these  analyses  are 
shown  in  Table  27.  The  analyses  of  metallic  nickel  agreed  within  ±  1.3% 
with  the  original  sinter  weight,  indicating  little,  if  any,  corrosion  of  the 
sinter  during  activation  and  testing.  Comparison  between  the  weight  gained 
during  activation  and  the  amount  of  active  material,  determined  by  chemical 
analysis,  agreed  within  ±  1%,  except  for  Electrode  62.  The  discrepancy 
with  this  electrode  was  27%.  Because  the  other  results  to r  active  material 
and  all  of  the  results  for  metallic  nickel  agreed  so  closely,  it  is  assumed 
that  a  weighing  or  calculation  error  was  responsible  for  the  discrepancy. 

The  weight  gained  during  activation  was  used  for  utilization  calculations  for 
Electrode  62, 

Cycling  Apparatus.  The  apparatus  used  for  testing  electrode  performance 
during  cycling  was  designed  to  be  adaptable  to  a  wide  range  of  test  conditions. 
From  one  to  ten  cells  could  be  cycled  in  series.  By  proper  choice  of  the  timer 
motor  and  gear  assembly,  the  cycle  length  could  be  varied  from  a  few  seconds 
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Table  27 


CHEMICAL  ANALYSES  OF  2.  75-INCH  BY  5.4-INCH  ELECTRODES 


Electrode 

No. 

Mole  Col  alt 
in  Active 
Material 

I*) 

Mon  :i* 

in  Active 
Materia'* 
<%> 

Theoretical 

Capacity 

taae-teife* 

Final 

Electrode 

Thickness 

(mile) 

Increase  in 
Thickness*** 
(*> 

Final 

Electrode 

Volume 

.  IlnZL- 

59 

8.0 

1.7 

2.91 

30.4 

23 

0.  448 

80 

0.03 

0.7 

2.98 

31  1 

23 

0  458 

61 

2.3 

1.3 

3.02 

29.8 

19 

0.439 

83 

13.9 

2.0 

2.31 

30.0 

20 

0.  446 

BBS-1 

3.0 

1.0 

3.80 

32.  1 

17 

0.472 

BBS-3 

3.5 

1.0 

3.48 

31.  6 

15 

0.  464 

•In  the  hilly  die  charged  state 
••Assuming  0.  289  ampere- hour /g  of  Ni(OH)a 
••♦Based  on  thicknesses  after  formation  and  after  testing 

to  seve  *al  days.  The  ratio  of  the  charge  period  to  the  discharge  period 
could  bit  varied  from  Otol  to  1  to  0.  The  charge  and  discharge  currents 
could  be  made  equal  by  the  use  of  one  power  supply,  or  they  could  be  made 
two  values  by  the  use  of  two  power  supplies.  Charge  and  discharge  currents 
up  to  aN>ut  10  amperes  could  be  used.  Voltage-versus-time  curves  were 
recorded  for  each  cell  on  a  Rustrak  recorder.  The  use  of  one-megohm  im¬ 
pedance  amplifiers  allowed  the  recording  of  either  cell  voltage  or  the  voltage 
between  a  reference  and  one  of  the  other  electrodes.  Controllers  were  in¬ 
cluded  in  the  circuit  so  that  each  cell  could  individually  be  put  on  open  cir¬ 
cuit  and  by-passed  if  the  voltage  being  recorded  reached  either  an  upper  or 
a  lower  preset  level.  Figure  30  is  a  photograph  of  the  cycling  apparatus  and 
six  test  cells. 

Sealed  Test  Cells.  The  test  cells  were  constructed  of  three  pieces  of  Lucite 
plaBtic, solvent-bonded  during  final  assembly.  One  outer  piece  was  a  block 
4. 3  inches  by  8  inches  by  1  inch.  A  small  well  was  bored  from  the  inside  sur¬ 
face  partway  through  the  block  and  contained  a  Hg/HgO  reference  electrode. 
The  reference  was  positioned  at  the  center  of  one  2.  75-inch  by  5. 4-inch  face 
of  the  electrode  pack.  A  pressure  gage  was  threaded  into  the  top  1-inch  by 
4. 9-inch  edge  of  the  block.  A  small  hole  from  the  inside  surface  of  the 
block  to  the  pressure  gage  hole  served  to  admit  gas  pressure  to  the  gage  and 
also  served  as  an  electrolyte  filler  hole. 


Figure  30.  Ten-station  Cycling  Apparatus  and  Six  Test  Cells 


The  other  outer  piece  of  a  Lucite  plastic  block  4. 3  inches  by  8  inches  by 
1/2  inch  in  size.  The  cell  terminals  consisted  of  No.  6-32  stainless- steel 
screws  bolted  into  the  block  with  the  head  on  the  inside.  A  nylon  washer  com¬ 
pressed  under  the  head  of  each  screw  sealed  against  leakage.  The  electrode 
tabs  were  welded  to  the  heads  of  the  screws.  The  third  Lucite  plastic  piece 
was  a  fra*  ic  3 /1 6-inch  thick  with  4.  3- inch  by  8-inch  outside  dimensions 
and  2. 9-ir.ch  by  6. 5-inch  inside  dimensions.  This  piece  was  sandwiched  be¬ 
tween  the  car o  outer  blocks.  Because  the  electrode  packs  were  generally 
thinner  than  3/16  of  an  inch,  Lucite  plastic  and  fluorocarbon  shims  were  used 
to  fill  the  excess  space. 

The  electrode  pack  consisted  of  one  positive  test  electrode,  two  commercial 
cadmium  negative  electrodes,  and  four  layers  of  separator.  The  separator  was 
37  mg/ inch3,  Pellon,  nonwoven  nylon.  One  layer  of  the  nylon  was  placed  be¬ 
tween  the  positive  electrodes  and  each  of  the  negative  electrodes,  and  one  layer 
was  placed  on  the  outside  of  the  pack.  The  negative  plates  had  been  decarbonated 
by  charging  and  discharging  them  in  excess  31%  KOH,  after  which  they  were 
washed  and  dried.  The  separator  material  had  been  washed  thoroughly  in  dis¬ 
tilled  water  and  was  dried  before  use.  The  assembled  electrode  pack  was  com¬ 
pressed  in  the  cell  so  that  the  separator  thickness  was  about  9  mils  per  layer. 

The  two  commercial  positive  electrodes,  labeled  BBS-1  and  BBS- 2  in  sub¬ 
sequent  tables,  were  of  the  sintered- nickel  type  used  in  aircraft  batteries.  They 
measured  2.  75  inches  by  5. 34  inches  and  were  coined  0. 1  inch  along  the  top  and 
sides.  The  current  collector  was  nickel-plated,  perforated  steel.  The  initial 
thickness  was  27.  5  mils.  Their  nominal  capacity  in  flooded  electrolyte  was 
stated  to  be  3.4  ampere -hour a /dm3  or  7.9  ampere -hours /inch3  at  the  C/2  rate. 

After  the  cells  were  assembled, the  electrolyte  was  added,  11.4  ml  of  31% 
KOH  per  cell.  The  pressure  gages  were  firmly  threaded  into  the  cells  using 
Teflon*  pipe  tape  on  the  threads.  The  cells  were  then  clamped  between  3/8-inoh 
thick  aluminum  plates  to  help  prevent  bulging  and  rupturing  of  the  cells.  On 
one  occasion,  the  internal  pressure  of  one  cell  exceeded  50  psig,  with  no  leakage. 
Figure  31  is  a  photograph  of  three  assembled  cells. 

Testa  of  Capacity  Maintenance  During  Cycling.  The  test  cells  with  the  electrodes 
described  in  the  two  previous  subsections  were  given  102  cycles  according  to  the 
following  regime: 

1.  Cycles  1  and  2.  Charged  for  6.  2  hours  at  600  ma  and  discharged  at 
600  ma  to  zero  v  between  the  positive  and  the  Hg/HgO  reference 
electrode 

2.  Cycles  3  to  49.  Charged  for  3.  1  hours  at  600  ma  and  discharged  for 
2.  9  hours.  Any  cell  whose  positive- to- reference  voltage  dropped  to 
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Figure  31.  Sealed  Test  Ceils 
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zero  during  discharge  was  returned  to  open  circuit  until  the  start  of 
the  next  charge 

3.  Cycles  50  and  51,  The  same  as  Cycles  1  and  2 

4.  Cycles  52  to  99.  The  same  as  Cycles  3  to  49 

5.  Cycles  100  to  102.  The  same  as  Cycles  1  and  2 

The  discharge  capacities  of  the  six  test  electrodes  for  Cycles  1,  2,  50. 

51.  100,  101.  and  102  and  the  final  specific  capacities  are  shown  in  Table  28. 
The  reason  for  the  jump  in  capacities  from  Cycles  50  to  51  and  Cycles  100 
to  101  was  that,  during  the  previous  70%  depth-of- discharge  cycles,  the 
approximate  7%  overcharge  was  insufficient  to  overcome  the  inefficient  charge 
acceptance  of  some  of  the  electrodes  and  keep  them  fully  charged.  Also,  a 
cycler  malfunction  caused  Cell  59  to  discharge  completely  at  Cycle  48.  The 
complete  discharges  of  Cycles  50  and  1 00  and  substantial  overcharges  during 
Cycles  51  and  101  essentially  returned  the  electrodes  to  the  fully  charged  state. 


Table  28 

DISCHARGE  CAPACITIES  IN  AMPERE-HOURS 
OF  2.  75-INCH  BY  5.  4-INCH  ELECTRODES 


Electrode 

No. 

59 

60 
61 
62 

BBS-1 

BBS 


Specific 

Capacity 

Cycle  Number  _  Cycle  102 


1 

2 

50 

51 

100 

101 

102 

(amp-hrs/in.  3) 

2.  31 

2.  30 

1.  94 

2.  34 

2.  06 

2.  32 

2.  30 

5.  12 

2.  46 

2.  39 

1.  85 

2.  29 

1.  79 

2.  19 

2.  19 

4.  77 

2.  42 

2.  34 

2.  00 

2.27 

1.  72 

2.  33 

2.  25 

5.  12 

2.  56 

2.  58 

2.  42 

2.45 

2.  31 

2.  41 

2.  40 

5.  38 

2.  79 

2.  X5 

2.  25 

2.  56 

1.  73 

2.  45 

2.  46 

5.  21 

2.  80 

2.  64 

2.  13 

2.  58 

1.  93 

2.  50 

2.  51 

5.  40 

Based  on  final  electrode  volume.  See  Table  27 

It  is  tempting  to  base  specific  capacities  on  the  thicknesses  of  the  electrodes 
as  they  were  assembled  into  the  cells.  On  this  basis,  the  specific  capacities 
based  on  the  Cycle  102  capacity  would  range  from  5.  9  to  6.  5  ampere-hours/ inch3 
for  the  electrochemically  impregnated  electrodes  and  6. 1  to  6.  2  ampere-hours/ 
inch  for  the  commercial  electrodes. 

Figure  32  shows  the  percent  of  the  first- cycle  capacity  delivered  during 
Cycles  2,  51,  and  102.  Electrode  59,  with  8%  cobalt,  maintained  its  first  cycle 
capacity  within  2*.  Electrodes  61  and  62.  with  2.3  and  12.  9%  cobalt,  respec- 
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%  OF  FIRST  CYCLE  CAPACITY 


CYCLE  NUMBER 


Figure  32.  Capacity  Maintenance  of  2.  75-inch  by  5. 4-inch  Electrodes 
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tively,  showed  a  6  to  7%  capacity  loss  at  Cycle  102.  Although  the  number  of 
electrodes  tested  were  too  few  to  draw  hard  conclusions,  there  appears  to  be 
an  optimum  cobalt  loading  of  about  8%  for  capacity  maintenance.  Electrode  60, 
with  about  0.3%  cobalt,  and  the  two  BBS  electrodes  showed  10  to  12%  capacity 
loss  at  Cycle  102. 

The  active  material  utilization  for  each  electrode  for  Cycles  51  to  102  is 
shown  in  Figure  33.  The  utilization  is  calculated  using  the  discharge  capacity 
C  and  the  amount  of  active  material,  M,  according  to: 

%  Utilization  =  (Cx  92.  7  x  100)/ (M  x  26.  8) 

The  optimum  cobalt  level  appears  to  be  in  the  range  of  8%.  Figures  32  and  33 
both  show  that  the  BBS  electrodes  displayed  lower  capacity  maintenance  and 
active  material  utilization  than  would  be  expected  on  the  basis  of  the  levels  of 
cobalt  in  the  active  material. 

Figure  35  shows  charge  and  discharge  voltages  at  the  C/5  rate  as  a  func¬ 
tion  of  cobalt  level.  The  charge  voltages  were  taken  at  the  midpoint  of  the 
charge  in  the  sealed  test  cells  and  the  discharge  voltages  were  taken  at  the 
midpoint  of  the  discharge  in  the  flooded  test  cells.  For  the  electrochemically- 
activated  electrodes,  both  the  charge  and  discharge  voltages  decreased  witn 
increasing  cobalt  level.  However,  the  BBS  electrodes  have  higher  discharge 
voltages  and  lower  charge  voltages  than  the  electrochemically- activated  elec¬ 
trodes  with  the  same  cobalt  loading. 

Tests  of  Electrode  Charging  Efficiencies.  After  completion  of  the  capacity 
maintenance  tests,  an  additional  series  of  partial  charge  and  discharge  cycles 
were  run  tc  determine  the  charge  acceptance  efficiency  of  the  electrodes. 
Ni(OH)a  electrodes  evolve  oxygen  during  charge,  and  the  fraction  of  the  charg¬ 
ing  current  producing  oxygen  increases  as  the  electrode  approaches  the  fully 
charged  state.  Because  of  the  tendency  to  evolve  oxygen,  the  fraction,  dis¬ 
charge  capacity/ charge  input, is  usually  less  than  one. 

The  electrodes  were  tested  by  charging  at  500  ma  for  a  given  time  then 
discharging  to  a  cell  voltage  of  0.  9  v.  At  least  two  cycles  were  obtained  at 
each  charge  input  to  minimize  the  effects  of  previous  history.  The  percentage 
efficiency,  (  100  x  discharge  capacity)/ (charge  input),  was  determined  f:r  the 
last  cycle  at  each  charge  input.  The  results  are  shown  in  Figure  35.  The 
abscissa  is  the  percent  of  the  Cycle  102  capacity  (refer  to  Table  28)  delivered 
for  a  given  charge  input.  Small  variations  in  the  power  supply  output  account 
for  the  1 01  and  100.  5%  efficiencies.  The  order  of  determination  of  the  points 
is  shown  by  the  numbers  in  parentheses  in  Figure  35. 

Electrodes  59  and  62,  with  8  and  12.  9%  cobalt  in  the  active  material,  show 
significantly  belter  charge  acceptance  efficiency  than  the  others.  The  BBS 
electrodes  appear  to  be  less  efficient  at  high  states  cf  charge  than  the  electro- 
chemically  activated  electrodes  with  0.  03  *  and  2.  3 i  cobalt. 
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Summary 

It  has  been  shown  that  Ni(OH)3  electrodes  with  about  the  same  specific 
capacities  as  commercial  aircraft  b,'..tery  positives  can  be  produced  by  an 
electrochemical  precipitation  technique.  Electrodes  with  about  8  mole  % 

Co(OK)s  in  the  active  material  showt^  better  capacity  maintenance  and 
higher  charge  acceptance  efficiency  than  the  commercial  positive  plates  tested. 

The  electrochemical  precipitation  process  presents  two  distinct  advantages 
over  the  standard  impregnation  process.  The  first  is  reduction  of  processing 
time.  Three  electrochemical  precipitation  cycles  are  sufficient  to  produce 
active  material  loadings  comparable  to  those  attained  in  five  to  eight  impreg¬ 
nation  cycles.  An  electrochemical  precipitation  cycle  requires  about  one 
hour  for  the  precipitation,  a  one-hour  soak  in  caustic,  and  about  one  hour  for 
washing.  If  intermediate  weight  determinations  are  required,  a  one -hour 
drying  step  would  be  Included.  An  impregnation  cycle  requires  about  the  same 
length  of  time.  The  final  drying  step  cannot  be  dispensed  with.  The  second 
advantage  is  that  the  distribution  of  additives  in  the  active  material  is  more 
uniform  than  in  impregnated  plates.  The  active  material  derived  from  corrosion 
in  impregnated  plates  has,  if  any,  very  small  amounts  of  the  additives  in¬ 
cluded  in  the  impregnation  solution. 

The  5.1  to  5.4  ampere-hour /inch3  specific  capacity  obtained  for  the  elec¬ 
trodes  tested  in  sealed  cells  is  well  below  the  contract  goal  of  8.  0  ampere-hours/ 
inch3.  Some  of  the  results  of  the  tests  indicate  that  the  maximum  capacity 
attainable  for  sealed  ceils  may  not  be  much  higher  than  this.  One  such  result 
is  the  swelling  of  cycled  plates  indicating  that  the  active  materia1,  has  a  much 
lower  density  in  the  charged  state  and  can  exert  considerable  force  on  the  sinter 
structure  of  heavily  loaded  plates.  The  density  of  the  charged  active  material, 
at  present  unknown,  will  determine  the  maximum  attainable  specific  capacity. 
Another  result  is  that  there  is  considerably  less  utilization  of  the  active  ma¬ 
terial  in  the  limited  electrolyte  of  sealed  cells  than  there  is  in  flooded  cells. 
Figure  33  shows  that  active  material  utilization  in  sealed  cells  in  80%  at  best, 
and  Table  25  shows  active  material  utilizations  of  about  100%  in  flooded  cells. 

If  the  flooded- cell  specific  capacities  shown  in  Table  24  are  reduced  by  80%, 
values  from  5  to  5.  4  ampere -hours /inch3,  are  obtained.  These  are  the  same 
range  of  values  as  shown  for  sealed  cells  in  Table  28. 

There  is  the  possibility  of  improvement  of  the  specific  capacities  of 
electrodes  activated  by  electrochemical  precipitation.  Further  refinement  of 
current  densities  used  for  precipitation  (including  experimentation  with  pulsed 
currents),  *he  application  of  vacuum  to  remove  gas  trapped  in  the  pores,  or 
the  use  of  surfactants  to  improve  wetting  of  the  plaque  structure  might  improve 
the  distribution  and  degree  of  filling  of  the  plaqu*  pore  structure. 

With  respect  to  the  other  goals  of  a  98%  charge  and  of  uniform  capacity 
of  ±  1%  for  200  cycles  at  50%  depth  of  discharge,  the  following  have  been 
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demonstrated:  charge  efficiency  of  better  thin  98  to  95%  state -of- charge  and 
better  than  96  to  100%  state -of- charge;  and  capacity  maintenance  of  ±  1%  for 
100  cycles  at  70%  depth-of-discharge. 

PASTED  ELECTRODES 


Introduction 


If  it  were  possible  to  substitute  a  pasted  plate  for  the  use  of  sintered  plate 
in  the  fabrication  of  Ni(OH)a  electrodes  and  at  the  same  time  maintain  the  en  ¬ 
ergy  density,  the  plate  manufacturing  process  could  be  substantially  improved 
i.  e. ,  by  decreasing  the  number  of  operations,  decreasing  production  costs, 
and  improving  the  uniformity  of  the  product.  Unfortunately,  a  viable  substitute 
is  not  presently  available.  Furthermore,  there  is  no  reason  to  believe  that  the 
sintered  structure  corresponds  to  an  optimum  design  so  as  to  preclude  all  other 
structures.  Consequently,  an  investigation  was  conducted  on  the  development 
of  an  alternative  structure  with  the  intention  of  either  constructing  at  least  a 
comparably  performing  electrode,  or  showning  definitively  that  it  is  impos¬ 
sible  to  match  the  performance  of  sintered  plate. 

The  pasted  structure  was  selected  for  study  because  it  is  ideally  suited 
for  simple,  rapid,  and  economical  fabrication.  Also,  the  physical  character¬ 
istics  of  the  plate  and  the  formulation  of  the  active  materials  can  be  altered 
by  minor  adjustments  in  the  process  steps. 

The  literature  on  the  fabrication  techniques  of  pasted  nickel  electrodes  is 
rather  meager.  The  patent  literature  does  describe  the  various  methods  for 
making  pasted  structures  (Ref.  72  through  78).  Essentially,  they  all  describe 
various  ways  of  mixing  Ni(OH),  with  a  conductive  diluent  and  a  binder,  activating 
the  binder,  and  preparing  the  plate.  Another  such  method  is  discussed  in  this 
report.  The  differences  between  the  method  discussed  here  and  those  already 
patented  seem  to  differ  sufficiently  so  as  to  suggest  a  possible  patent  position 
on  the  method.  From  the  point  of  view  of  a  disclosure  of  information,  the 
presentation  here  not  only  describes  the  preparation  but  also  presents  test  data 
to  support  the  performance  claims  and  gives  insights  into  those  critical  factors 
that  determine  performance. 

Experimentation 

The  active  materials  to  be  used  in  pasted  electrodes  were  prepared  in  the 
following  manner  :  327  grams  of  Ni(NO,  )a  •  8HaO  and  36.  4  grams  of 
Co(NOa),  •  6HtO  were  dissolved  and  diluted  to  exactly  one  liter  with  distilled 
water.  Then  250  ml  of  this  solution  had  240  ml  of  22.  5%  KOH  (45%  KOH  diluted 
one  to  one  with  distilled  water)  rapidly  stirred  into  it.  The  result  was  centri¬ 
fuged,  the  supernatent  was  removed,  and  the  precipitate  was  washed  by  stirring 
with  distilled  water.  This  latter  sequence  was  repeated  until  the  pH  of  the 
supernatent  was  about  eight.  About  five  washings  were  required.  The  collected 
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precipitate  was  dried  at  150*F,  pulverized  in  a  motar,  sieved  through  a  125- 
micron  screen  and  stored  under  vacuum.  By  virtue  of  the  method  of  prepar¬ 
ation,  the  composition  of  the  active  material  was  90  mole  %  Ni(OH)a  and  10 
mole  %  CofOH),. 

The  binder  in  the  pasting  process  was  GAF  Ganex*  V816  polyvinyl  pyrc- 
lodone  resin  at  a  2 -weight- ^-concentration  level.  Nickel  powder  of  various 
sizes  and  various  concentration  levels  was  used  as  the  conductive  diluent. 

The  binder  and  the  nickel  powder  were  dispersed  in  the  active  material  by 
ball  milling. 

The  preliminary  cycling  tests  were  performed  at  ambient  temperature 
under  flooded  conditions  and  in  a  COa-free  environment.  The  cycles  were 
determined  by  a  voltage  cutoff  established  by  the  oxygen  evolutionary  reaction 
during  the  charging  process  and  selected  as  0. 10  v  versus  Hg/HgO  during 
discharge.  The  charging  voltage  cutoff  was  carefully  selected  to  correspond 
to  a  stablized  condition  of  overcharge  wherein  any  further  oxidation  of  Ni(OH)2 
is  insignificant.  The  pasted  electrodes  in  these  tests  were  prepared  on  7- mil, 
20-mesh  nickel  screens  having  a  geometric  area  (bounded  by  the  edges)  of 
19.7  cm8  (1  3/4  inches  by  1  3/4  inches)  with  a  tab  for  electrical  connections. 
They  were  designed  so  as  to  correspond  to  the  specific  capacity  of  3.  75  am¬ 
pere  hours/dm8  (theoretical;  i.  e. ,  0.739  ampere-hour  per  electrode). 

The  carefully  weighed  dry  mixes  were  spread  on  the  nickel  screens 
which  in  turn  were  resting  on  a  nonwoven  nylon  separator  material.  The 
electrode  material  was  then  wet- mixed  to  form  a  paste  and  spread  into  a 
screen.  The  actual  pasting  was  done  on  a  hot  surface  (about  160°F)  using 
TFE  liners.  The  hot  surface  served  to  increase  the  rate  of  evaporation  of 
the  water  from  the  paste.  This,  together  with  the  periodic  additions  of 
water,  provided  a  convenient  means  for  maintaining  the  paste  at  a  workable 
consistency.  At  this  point,  a  pressing  step  was  employed  as  needed.  The 
pressure  used  was  an  experimental  parameter  that  is  discussed  fully  in  the 
following  subsection.  Essentially,  the  pressing  procedu*  e  involved:  a)  a 
prepressing  of  the  wet-pasted  electrode  between  stainless  steel  plates 
(excess  water  was  thereby  squeezed  out  of  the  matrix);  b)  drying  overnight 
at  150°F  (caution);  and  c)  a  final  pressing  between  stainless  steel  plates  to 
achieve  maximum  densities  (up  to  7000  to  8000  psi  pressure).  The  drying 
step  must  be  done  with  some  caution  in  that  severe  dehydration  causes  the 
plates  to  crack  and  become  separated  from  the  screen.  Constraining  Lucite 
plastic  plates  (sandwiching  the  electrode)  were  beneficial  in  maintaining  the 
integrity  of  the  plates  during  the  drying  step.  When  cracking  did  occur,  water 
was  added  to  the  plate  and  the  pasting  was  repeated.  The  electrodes  were 
double-wrapped  with  nonwoven  nylon,  and  sintered  cadmium  electrodes  were 
used  as  a  counter.  Voltage  measurements  were  made  versus  a  hg/HgO 
reference  electrode. 
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The  experimental  method  used  for  the  pretest  phase  was  identical  with 
that  of  the  sintered  electrode,  which  is  presented  earlier  in  this  report.  The 
cathode  preparation  is  the  only  difference  in  the  method.  It  involved  a  pasting, 
which  used  a  mix  containing  50%  INCO  255*  nickel  powder,  2%  binder,  and  48% 
active  materials  spread  on  a  2.  75- inch  by  5. 34-inch  screen  (94. 8  cm*)  in 
the  manner  described  above.  The  amount  of  actual  material  used  was  deter¬ 
mined  by  the  theoretical  capacity  designed  into  the  plate.  The  pressing  pro¬ 
cedure  is  described  above. 

Discussion 


The  primary  objective  of  this  study  on  Ni(OH)g  pasted  plates  was  to 
achieve  an  energy  density  comparable  to  that  of  a  sintered  electrode.  If 
this  cannot  be  achieved,  the  other  objectives  under  the  contract  would  be  of 
no  significance  as  applied  to  pasted  electrodes. 

The  measurement  of  utilization  as  defined  here  is  the  ratio  of  the  dis¬ 
charged  capacity  divided  by  the  theoretical  capacity  of  the  plate.  The  dis¬ 
charged  capacity  is  understood  here  to  be  that  deliverable  capacity  resulting 
after  a  full  charge  terminated  by  a  voltage  cutoff  signal  and  indicating  an 
inflection  in  the  charge  curve.  For  the  purposes  of  the  utilization  measure¬ 
ment,  the  discharge  capacity  is  taken  to  be  the  capacity  resulting  from  the 
reduction  of  Ni(III)  and  Co  (III)  mixture  and  taken  that  no  contribution  was 
made  by  oxidation  of  any  of  the  metallic  nickel  found  in  the  plate.  The  values 
given  for  utilization  must  be  understood  in  this  context.  However,  the  exper¬ 
imental  measurement  of  the  plate  energy  density  is  not  directly  dependent  on 
these  assumptions,  since  the  value  presumes  all  available  sources  of  energy. 
Unless  noted  otherwise,  all  utilizations  were  measured  on  the  tenth  cycle  of 
the  plate. 

It  must  be  pointed  out  that  energy  density  measurements  are  based  on 
the  initial  projected  volumes  of  the  electrodes  tested.  This  was  done  as 
a  matter  of  convenience  in  testing;  and,  in  view  of  the  nature  of  the  testing 
pex  formed,  it  was  also  a  satisfactory  approximation. 

As  the  first  step  in  the  experimental  program,  a  series  of  pasted  elec¬ 
trodes  was  tested  at  a  constant  porosity  (i.  e. ,  72%)  to  determine  the  effect 
of  nickel  powder  concentration  on  the  utilization  of  the  active  material.  The 
porosity  in  this  case  was  that  which  ordinarily  existed  after  pasting.  The 
INCO  255  nickel  powder  used  is  a  product  of  the  International  Nickel  Corpor¬ 
ation  having  a  particle  size  of  about  3  microns.  The  cycling  rate  was  held 
at  C715.  Trole  29  demonstrates  that  a  pasted  electrode  having  a  naturally 
occurring  porosity  is  of  no  value.  The  utilizations  were  so  poor  that  they 
correspond  to  energy  density  in  the  range  0. 14  to  0.33  ampere-hour/inchs. 
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Table  29 


PASTED  ELECTRODES-- POROSITY  72* 


Electrode  No. 

Nickel  Powder 
(weight  *) 

Utilization 

(*) 

1 

2 

0 

2 

5 

7 

3 

10 

5 

4 

20 

5 

5 

30 

9 

Postmortem  failure  mode  analysis  showed  that  the  only  areas  where  reaction 
had  taken  place  was  in  the  immediate  vicinity  of  the  nickel  wires  of  the  screen 
substrate.  This  observation  is  consistent  with  the  fact  that  Ni(OH)t  had  a 
high  electrical  resistivity.  The  need  for  a  highly  conductive  matrix  was 
evident.  Two  ways  of  achieving  this  were  considered:  a)  increasing  the 
nickel  particle  size  so  as  to  provide  an  extension  to  the  nickel  screen,  and 
b)  compressing  the  matrix  in  order  to  link  up  the  nickel  particles  already 
present.  Table  30  shows  the  effect  of  particle  size  at  constant  porosity, 
and  Table  31  shows  the  effect  of  porosity  at  constant  nickel  concentration 
and  particle  size  with  everything  else  being  equal.  In  Table  3 1  the  choice  of 
30  weight  %  nickel  was  based  solely  on  the  observation  that  the  constant  cur¬ 
rent  data  showed  the  lowest  resistance  overpotential  losses.  The  data  to  this 
point  was  unambiguous  in  that  it  demonstrated  that  the  use  of  large  particles 
in  the  form  of  filaments  and  matrix  compression  resulted  in  substantially  im- 


Table  30 

EFFECT  OF  NICKEL  PARTICLE  SIZE  AT  CONSTANT  POROSITY  (12%) 
AND  CONSTANT  NICKEL  POWDER  CONCENTRATION  (30  WEIGHT  %) 


Electrode  No. 

Particle  Characteristics 

Utilization  at  C/ 15  (%) 

5 

INCO  255  nickel  powder;  ~3u  size 

9 

8 

Metals  Disintegrating  Company 

Type  202;  30u  size 

9 

9 

Fiberfil  Corporation,  "Filamets"* 
nickel  fibers;  0.  0015-inch  by  0.  0015 
inch  by  0.  250-inch  filaments 

30 

1  * 
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Table  31 


EFFECT  OF  COMPRESSION  AT  CONSTANT  NICKEL  POWDER  PARTICLE 
SIZE  (~3u>  AND  CONSTANT  CONCENTRATION  (30  WEIGHT  %) 

AT  C/15  RATE 

Electrode  No.  Porosity  (%)  Utilization  (%) 

5  72  9 

7  38  29 

proved  utilizations.  Unfortunately,  further  compression  was  not  feasible  in 
either  case.  Obtaining  a  porosity  significantly  less  than  72^  for  the  plates 
containing  the  nickel  filaments  was  the  maximum  achievable  with  the  presses 
available. 

Cycling  tests  of  this  electrode  were  dis appointing.  This  was  attributed  to 
a  decompression  of  the  plate  which  took  place  after  pressing.  This  would  be 
analogous  to  the  manner  in  which  a  compressed  spring  returns  to  its  equilibrium 
position  when  the  restraining  force  is  gradually  released.  For  the  electrode, 
it  resulted  in  a  poorly  adherent  structure.  The  utilization  decreased  rapidly 
with  cycle  number.  Consequently,  the  use  of  filaments  was  eliminated  from 
further  consideration.  On  the  other  hand,  consideration  was  given  to  nickel 
structures  that  are  compressible  but  would  not  require  restraining  forces  to 
maintain  stability,  i.  e.  ,  Foametal  porous  nickel.  More  will  be  said  about 
this  later. 

The  general  trend  of  the  results  obtained  up  to  this  point  was  the  apparent 
need  for  intimate  nickel  hydroxide- nickel  metal  interfacial  contact.  A  further 
illustration  of  this  is  the  well-known  observation  that  dry-pre3Sed  Ni(OH)# 
electrodes  are  of  no  value.  The  attempt  during  this  program  to  produce  such 
a  dry-pressed  electrode  (having  30%  INCO  255  nickel  powder  concentration) 
gave  a  5%  utilization.  This  can  be  compared  with  the  29%  utilization  of  the 
pasted-then-pressed  electrode  of  the  same  composition.  It  is  difficult  at  this 
stage  to  even  speculate  on  the  nature  of  the  interfacial  interaction.  However, 
it  is  *his  interaction  which  is  the  essence  of  producing  a  workable  Ni(OH)a 
electrode,  whether  pasted  or  sintered.  It  is  disclosed  here  that  to  produce  a 
pasted  Ni(OH)a  electrode,  the  structure  must  be  compressed  after  pasting. 

It  must  be  pointed  out  that  the  low  utilization  observed  with  the  dry-pressed 
electrode  tested  may  have  been  caused  by  the  failure  of  the  binder  to  "set” 
when  placed  in  the  electrolyte.  This  amounts  to  a  trivial  example  of  a  lack 
of  ultimate  contract  between  particles. 

In  order  to  pursue  this  idea  of  intimate  active  material- to- nickel  metal 
contact,  studies  of  the  effect  of  nickel  powder  concentrations  above  30%  were 
performed.  The  results  were  wholly  consistent  with  the  hypothesis  shown 
in  Table  32.  The  utilizations  and  the  observed  plate  energy  densities  were 
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encouraging.  At  this  time  in  the  program  a  decision  was  necessary  as  to  the 
composition  of  the  pretest  electrodes.  On  the  basis  of  the  data  available,  the 
electrode  containing  50%  nickel  powder  was  selected  because  of  its  high  energy 
density. 


Table  32 

EFFECT  OF  INCREASED  NICKEL  POWDER  (INCO  255) 
CONCENTRATION  ON  COMPRESSED  PASTED  ELECTRODES  AT  C/5  RATE 


Electrode 

No. 

INCO  255  Nickel  Powder 
<%) 

Utilization 
(%)  _ 

Energy  Density 
(amp-hrs/in*  ) 

7 

30 

29 

1.  81 

19 

40 

43 

3.  06 

15 

50 

58 

3.  51 

16 

70 

77 

2.  86 

As  a  parallel  effort  with  the  pretest  preparation  and  execution,  a  Foametal 
porous  nickel  substrate  hr  zing  45  pores  per  linear  inch  was  impregnated  with  a 
mixture  of  40^ INCO  255  powder  and  then  crushed  with  a  pressure  of  20,  000  psi. 
The  results  were  as  anticipated.  The  energy  density  amounted  to  5.  07  ampere- 
hours/  inch*.  In  fact,  it  was  the  best  pasted  electrode  tested  so  far.  A  pictorial 
summary  of  the  results  is  given  in  Figures  36 ,  37,  and  3d  Pertinent  infor¬ 
mation  supplmenting  the  figures  is  given  in  Table  33. 

Table  33 

REVIEW  OF  SIGNIFICANT  DATA 
(All  Electrodes:  Theoretical  Capacity  =  0.73  9  Ampere-hour) 

(Electrodes  Cycled  at  C/5  Rate,  0.  150  Ampere) 


Mu  tmum  Discharge 
l  tilt ration 


Else  trod# 

9uh«tr«it 

Thickness 

U ftN 

K>rosUy 

Lii 

»t  C  5  R»t« 

(<) 

Energy  Dsns  tty 

l.  ii 

7 

10-muh,  7-mll 
nicks  1  screen 

70%  INCO  255 

powder 

0.  0*0 
<1000  ps  t ) 

31 

29 

14 

]0-bms^  7-mil 
nicks l  serssn 

70%  INCO  J55 
po srtsr;  electrode 
pressed  from  dry 
powder 

0.  024 
(1000  psi) 

21 

Falls  apart  In  XO*t 
utllUstinn  ■  5% 

15 

10' mssN,  7-mil 
nicksl  serssn 

50%  INCO  255 
powder 

0.  040 
(4000  pat) 

41 

SI 

X  51 

11 

20-m+shk  7-mll 
nicksl  serssn 

70%  INCO  255 

powdsr 

u.  015 

Cl  0OO  p.1) 

49 

77 

2.  14 

It 

10*- mil  thick.  97% 
porows  (45  port) 
nicksl  Fo*mst#l 

40%  INCO  255 

powder 

0.  050 

GO.  000  psi) 

29 

•  7 

5.  09 

19 

70- ms«K  7- ml! 
nicksl  serssn 

40%  INCO  255 

powder 

0.  054 

31 

43 

X  Cl 

nickel  4drfi*t*s  •  2*  binder  *  material  100< 
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Figure  37.  Pasted  Electrode  Discharge  Utilization 
Versus  Cycle  Number  at  C/5  Rate 


Figure  38.  Pasted  Electrode  Energy  Density 
Versus  Cycle  Number  C/5  Rate 


From  the  flooded  cell  experiments,  it  is  easily  conceivable  that  a  reactive 
layer  exists  around  each  nickel  particle.  An  attempt  to  assign  a  layer  thickness 
can  be  arrived  at  from  geometric  considerations.  It  can  be  shown  as  a  first 
order  approximation  that  the  reactant  layer  thickness,  t,  can  be  given  as 


t  = 


ra 


pwmm)pNi 
PNi(II)  WNi 


where  P  is  the  porosity,  P  is  the  density  of  the  subscripted  species,  W  is  the 
weight  of  the  subscripted  specie^  and  r  is  the  radius  of  the  nickel  particle.  The 
obvious  conclusion  is  that  a  much  greater  dependence  exists  on  the  radius  of 
the  nickel  particle  than  on  the  ratio  of  the  weight  of  nickel  powder  to  nickel 
hydroxide.  A  substantial  increase  in  energy  density  can  be  predicted  by  using 
smaller  particle  size  together  with  a  decrease  in  the  weight  of  nickel  powder. 

With  reference  to  substrate  corrosion,  the  data  show  nothing.  That  is, 
either  no  significant  corrosion  is  taking  place,or  it  exactly  compensates  for  a 
loss  in  capacity  on  cycling  (refer  to  Figures  37  and  38,  Electrodes  16  and  18). 

Two  sealed  pretest  cells  were  prepared.  The  results  obtained  to  date  are 
given  in  Table  34.  It  is  readily  apparent  that  the  strived  electrode  in  the  pretest 
behaved  in  a  manner  almost  identical  to  that  studied  under  flooded  conditions. 
Measurements  of  capacity  uniformity  and  charge  efficiency  over  200  cycles 
await  the  completion  of  the  test.  A  postmortem  plate  inspection  will  be  per¬ 
formed  at  that  time. 

Conclusions 


The  objective  of  this  study  on  pasted  structures  was  either  to  prepare 
pasted  nickel  electrodes  having  comparable  performance  to  the  sintered  elec¬ 
trodes  or  to  demonstrate  that  this  is  impossible  to  achieve.  The  objective  is 
not  yet  fully  achieved.  The  results  secured  so  far  indicate  that  a  pressed- 
pasted  structure  containing  substantial  amounts  of  nickel  powder  (greater  than 
30%)  can,  at  least  under  experimental  conditions,  approach  the  performance  of 
sintered  electrodes  (e.  g. ,  5.  0  ampere-hours /inch3).  Of  course,  the  proof  lies 
in  testing  actual  cells  in  the  manner  of  a  "head"  test.  Critical  data  obtained 
under  these  conditions  would  be  definitive. 

In  lieu  of  the  original  objective,  it  appears  highly  probable  that  a  pasted 
Ni(OK)a  electrode  can  be  developed  that  will  match  the  best  performance 
achievable  with  sinters. 
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Table  34 


PRETEST  DATA  AND  RESULTS 
(Electrode  Dimensions:  2.75  inches  by  5.34  inches) 
(Geometric  Area:  14.  69  inches*:  94.  75  cm*) 
(Electrodes  Pressed  at  7000  psi) 


Klectrode 

No. 

Theoretical 
Specific  Capacity 
(ampere-hours/dm*) 

Theoretical 

Capacity 

(ampere-hours) 

Required  Amount 
Active  Material 
(crams) 

Amount  of  50/. 

Nickel  Mix 
(crams) 

Thickness 

(inch) 

Volume 

(inch**) 

1 

3.  75 

3.  55 

12.28 

25.  58 

0.  046 

0.  676 

2 

4.25 

4.03 

13.  94 

29.  04 

0.  052 

0.  7 1»4 

I  =  C/5  (Based  on  Cell  No.  1)  *  0.70  Ampere 
Cycles  1-4:  Charge  for  6  hours 

Discharge  6  hours  or  to  electrode 
voltage  of  0.  00  versus  Hg/HgO 
Subsequent  Cycles:  3.2  hours  charge 

2.  8  hours  discharge  or  to 
voltage  cutoff 


Cell  No.  1 

CeUNo.  2 

Cycle  No. 

Ampere-hours  Discharge 

Utilization  (%) 

Ampere-hours  Discharge 

Utilization  (%) 

1 

1.  54 

43 

1.  50 

37 

2 

1.  95 

55 

1.  91 

47 

5 

1.  88 

53 

1.  86 

46 

10 

1.  81 

51 

1.  85 

46 

15 

1.  74 

49 

1.  86 

46 

20 

1.  89 

48 

1.  86 

<16 

24 

1.  69 

48 

1.  84 

46 
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Section  6 


MEMORY  ANALYSIS 


INTRODUCTION 

This  analysis  was  undertaken  to  investigate  the  type  of  electrode! s)  that 
contribute  to  the  phenomenon  known  as  memory  and  the  extent  of  their  con¬ 
tribution.  In  this  context,  the  memory  is  defined  as  the  temporary  loss  of 
capacity  delivered  above  a  set  cutoff  voltage.  This  loss  arises  on  prolonged 
highly  repetitive  cycling  at  less  than  100^ depth  of  discharge.  The  continua¬ 
tion  of  discharge  beyond  the  voltage  cutoff  point  gives  little  or  no  additional 
discharge  capacity.  The  end  of  the  discharge  voltage  at  the  assigned  depth 
of  discharge  tends  to  fall  with  each  successive  cycle. 

The  currently  prevailing  opinion  in  the  available  literature  is  that  the  posi¬ 
tive  nickel  electrode  is  largely  responsible  for  the  effects  defined  above.  In 
order  to  solve  this  problem,  a  combination  of  electrochemical  and  wet- chem¬ 
ical  analytical  methods  was  selected  under  the  assumption  that  the  appearance 
of  a  memory  e'fect  somehow  also  must  be  reflected  in  the  chemical  composition 
of  the  electrodes  involved. 

EXPERIMENTAL  APPROACH 


Initial  Plan 


The  test  cells  used  were  cylindrical,  sealed,  nickel-cadmium  cells  with 
a  standard  wound  construction  and  a  metal  cell  case.  As  Ca  cells,  they  had  a 
nominal  discharge  capacity  of  one  ampere-hour  and  were  built  from  well- 
characterized  positive  nickel  and  negative  cadmium  electrode  material  of 
porous  nickel- sinter  construction.  Nonwoven  nylon  was  used  as  the  separator, 
and  the  electrolyte  was  31^  (by  weight)  aqueous  KOH  solution. 

Each  cell  was  equipped  with  a  centrally  located  reference  electrode,  con¬ 
sisting  of  a  partially  charged  piece  of  positive  electrode  material.  The  proper 
functioning  of  the  reference  electrode  was  monitored  at  regular  intervals.  This 
reference  electrode,  its  conducting  wire  to  the  outside,  and  the  epoxy  closing 
of  the  top  section  of  the  cell  were  deviations  from  normal  factory  construction. 

Following  assembly,  the  cells  were  submitted  to  two  charge /discharge  cy¬ 
cles  for  formation  and  the  determination  of  individual  cell  discharge  capacities. 

Cycle  1.  Charge  for  20  hours  at  the  nominal  five-hour  rate  (C/5)  of  200  ma. 

The  average  end-of-charge  voltage  (EOCV)  was  1 . 436  v  with  a  ±  1  <y  limit  of 

0.  002  v.  Discharge  at  the  same  nominal  rate  to  1  v  resulted  in  an  average 

capacity  of  1. 14  ampere-hours  with  a  ±  1  a  limit  of  0.  007  ampere-hour. 
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Cycle  2.  Charge  for  16  hours  at  200  ma  with  an  average  EOCV  of  1 . 439 
and  a7”l  a  limit  of  0,  002  v.  Discharge  at  200  ma  to  a  1 . 0  v  cutoff  point 
yielded  an  average  capacity  of  1. 14  ampere-hours  with  at  1  j  limit  of 
0.011  ampere-hour. 

The  cells  were  then  put  on  16  hours  of  charge  at  the  adjusted  five-hour 
rate  (C/5)  of  228  ma  in  preparation  for  the  first  cycle  discharge  with  the  same 
current.  At  repetitive  cycle  conditions,  a  three -hour  cycle  consisted  of  72 
minutes  of  charge,  38  minutes  of  rest,  and  60  minutes  of  discharge,  thus  pro¬ 
viding  a  depth  of  discharge  of  20$  of  the  average  cell  capacity  and  an  overcharge 
factor  of  1. 2  of  the  capacity  removed. 

Fifty-six  cycles  were  acquired  per  week,  and  at  those  time  intervals  the 
cells  were  removed  from  the  test  and  submitted  to  analyses.  For  the  first 
four  weeks  of  testing  four  cells  were  taken  every  time,  and  from  weeks  5  to 
10  only  two  were  scheduled  for  inspection. *  Four  different  cell  treatments 
were  executed: 

Type  A.  Monitored  discharge  of  228  ma  to  zero  v  with  determination  of 
the  discharge  limiting  electrode.  Disassembly  of  cell  in  preparation  for 
chemical  analysis 

Type  B.  Discharged  as  with  Type  A  followed  by  rejuvenation  con¬ 
sisting  of  a  16-hour  stand  in  externally  shorted  condition  and  a  16-hour 
charge  at  the  true  ten-hour  rate  (C/10)  of  114  ma.  Then  nominal  dis¬ 
charge  and  disassembly  for  chemical  analysis 

Type  C.  Monitored  discharge  as  usual.  Rejuvenated  and  returned  to 
repetitive  cycling  one  week  later  for  another  group  of  57  cycles.  Dis¬ 
charge  and  chemical  analysis 

Type  D.  Same  as  with  Type  C,  however,  the  second  group  of  repetitive 
cycling  lasted  four  weeks,  or  for  225  cycles 

Modified  Plan 

When  it  became  apparent  that  the  repetitive  cycling  regime  failed  to  in¬ 
duce  the  memory  as  expected,  two  changes  were  made: 

1 .  After  five  weeks  of  repetitive  cycling,  the  weekly  sampling  of 
cells  for  Type  A  and  B  treatments  was  abolished  and  replaced 
by  monitoring  the  end-of-discharge  voltages.  Sampling  is 
scheduled  to  begin  again  as  soon  as  significant  changes  in  the 
end-of-discharge  voltage  can  be  detected. 

2.  After  a  total  of  402  cycles,  half  of  the  remaining  cells  were 
switched  to  a  ten-hour  rate  <C/10)  regime  with  a  cycle  length 


’’‘In  addition,  two  cells  each  were  analyzed  chemically  after  closing  and  after 
formation  discharge. 
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of  six  hours,  but  under  continuation  of  the  depth  of  discharge 
and  overcharge  factors  as  before. 

At  reporting  time,  the  cells  are  still  on  test  with  764  five-hour  rate  cycles  and 
402  C/5  plus  181  ten-hour  rate  cycles,  respectively. 

Chemical  Analyses  Methods 

The  chemical  methods  applied  in  the  analyses  of  the  composition  and  for 
the  examination  of  the  state  of  charge  of  the  electrodes  were  developed  in  the 
Battery  Business  Section  laboratories  prior  to  the  contract  work.  They  are 
described  in  General  Electric  Company  Report  No.  P3C-PB-105,  Test  Meth¬ 
ods.  A  brief  outline  of  the  methods  is  given  in  the  following  paragraphs. 

Sample  Preparation,  The  discharged  cells  were  opened,  and  all  of  the  parts 
were  removed  from  the  can  to  be  extracted  several  times  with  hot  distilled 
water.  The  extracts  were  collected  and  aliquots  were  used  for  analysis  of 
the  electrolyte.  After  vacuum  drying,  the  roll  was  unwound  and  three  samples 
were  cut  from  each  electrode.  The  locations  of  the  sample-taking  were  al¬ 
ways  the  same,  i.  e. ,  at  the  start  of  the  roll  winding,  at  the  middle  portion  of 
the  electrode  length,  and  at  the  end  of  the  electrode  length.  Active  material 
and  nickel  sinter  were  removed  from  the  nickel-plated  steel  substrate,  finely 
ground  and  stored  under  exclusion  of  air.  Aliquot  parts  of  about  0.  3  to  0.  5  g 
were  then  used  in  the  subsequent  analyses.  The  respective  results  were  then 
calculated  on  a  defined  area  basis. 

Total  Capacities.  Nickel  sinter  and  positive  active  material  were  separated 
by  means  of  a  leaching  process  which  only  removed  the  nonmetaliic  compo¬ 
nents.  In  aliquot  parts  of  the  extract,  the  nickel  ions  were  then  determined 
by  a  conventional  complexometric  titration.  A  negative  electrode  sample  was 
completely  dissolved  in  nitric  acid  and,  in  aliquot  parts,  the  cadmium  was 
also  determined  by  a  complexometric  titration  after  a  masking  of  the  inter¬ 
fering  nickel  ions.  The  amounts  of  positive  and  negative  active  material  were 
then  calculated  as  total  theoretical  electrode  capacities. 

Residual  Electrode  Charge.  A  sample  of  positive  electrode  material  was 
reacted  with  a  known  amount  of  ferrous  ammonium  sulfate  in  an  acetic  acid 
medium.  The  higher-than-2+  valency  nickel  components  oxidized  an  equiva¬ 
lent  amount  of  the  ferrous  ions,  while  the  unreacted  portion  was  back-titrated 
with  permanganate.  The  difference  between  the  ferrous  ions  given  and  back- 
titrated  was  then  calculated  as  a  residual  charge  of  the  positive. 

A  sample  of  the  negative  electrode  material  was  reacted  with  an  excess 
of  ferric  sulfate  in  an  acetic  acid  medium.  The  metallic  cadmium  reduced 
an  equivalent  amount  of  ferric  ions,  which  could  then  be  determined  by  a  per¬ 
manganate  titration  and  calculated  as  a  residual  charge  of  the  negative  electrode. 

Uncharged  Electrode  Capacity.  This  is  defined  for  both  electrode  types  as 
the  difference  between  the  total  electrode  capacity  found  in  earlier  chemical 
analysis  and  the  sum  of  the  electrochemical  discharge  capacity  and  the  residual 
electrode  capacity  found  in  the  residual  electrode  charge  tests. 


RESULTS  AND  DISCUSSION 


Discharge  Capacities  and  Voltages 

In  Figures  39  and 40,  typical  cell  voltages  versus  time  curves  for  the 
complete  discharge  of  cells  with  228  ma  (C/5)  are  presented.  In  addition, 
the  discharge  curve  from  the  second  formation  cycle  is  given,  with  a  mark 
indicating  the  formation  discharge  capacity  corrected  for  the  higher  current 
used  at  the  repetitive  cycling  regime.  The  time  for  the  regular  end  of  dis¬ 
charge  at  a  20%  depth  and  the  area  of  halftime  through  a  complete  discharge 
are  also  marked  and  serve  as  control  points. 

Figure  39  shows  the  discharge  curve  of  Cell  118  after  281  repetitive 
cycles  and  after  a  rejuvenation  process  as  described  above.  As  can  be  seen, 
after  281  cycles  the  cell  voltages  were  slightly  depressed  at  both  control 
points  to  approximately  40  and  50  mv,  respectively.  The  discharge  capacity  to  1  v 
was  about  5%  lower  than  obtained  at  the  second  formation  cycle.  The  rejuve¬ 
nation  completely  eliminated  those  differences.  The  remaining  difference  in 
cell  voltage  between  formation  and  discharge  after  rejuvenation  is  caused  by 
the  two  different  discharge  currents  applied. 

Figuxe  40  shows  the  situation  for  Cell  116,  which  was  cycled  for  225  times, 
rejuvenated*  and  recycled  for  another  225  times.  As  can  be  seen,  the  depres¬ 
sion  in  cell  voltage  was  identical  at  the  two  control  points  for  the  two  discharge 
runs,  namely,  40  mv  at  the  normal  end  of  discharge  and  50  mv  at  the  halftime 
point.  Capacity  loss  at  the  first  complete  discharge  was  4%,  anu  12%  of  forma¬ 
tion  capacity  after  the  second  sequence  of  repetitive  cycles. 

Table  35  contains  respective  data  of  all  of  the  complete  discharges  per¬ 
formed  to  date.  The  cell  identification  number  and  the  number  of  cycles  ac¬ 
quired  prior  to  the  first  discharge  are  given.  Between  the  values  for  the  two 
discharges  involved,  the  cell  treatment  is  also  indicated,  i.  e. ,  rejuvenation 
R  and  the  number  of  repetitive  cycles  of  the  second  regime.  This  form  of  cod¬ 
ing  is  also  used  in  the  subsequent  tables.  The  column  marked  "Change  in  V6o" 
contains  the  cell  voltage  drops  in  mv  at  the  regular  end  of  the  discharge,  while 
the  column  marked  "Change  in  Vh't"  comprises  the  corresponding  value  at  the 
halftime  point  of  the  complete  discharge. 

In  the  column  marked  "Change  in  Capacity,  "  the  losses  in  discharge  capac¬ 
ity  to  1  v  are  expressed  in  percent  of  the  formation  discharge  value  and  are 
sorted  for  the  different  treatment  conditions.  The  last  line  of  the  table  con¬ 
tains  some  pertinent  group  averages. 

As  can  be  seen,  the  average  of  the  voltage  loss  for  V«n  at  the  normal 
end-of-discharge  was  38  mv  and  had  a  ±  1  o  limit  of  6mv.  A  comparison 
with  the  individual  values  shows  that  the  treatment  conditions  did  not  affect 
this  term.  The  average  voltage  loss  for  Vjjt  at  the  halftime  of  a  complete 
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Figure  39.  Cell  Voltages  Versus  Time  (C/5  Rate  and  Room  Temperature) 


Table  35 

SUMMARY  OF  VOLTAGE  DROPS  AND  CAPACITY  LOSSES 


Firm  Diacharae _  _ Second  Piacfaarae 


Cell 

No. 

Cycle 

No. 

Change 
in  V  60 
(mv) 

Change 
in  Vffj. 
(mv) 

Change 
in  Capacity 
») 

Treatment 

Change 
in  V  60 
(mv) 

Change 
in  Vht 

Change 
in  Capacity 
(*) 

Clone 

- 

— 

— 

Form 

0 

0 

0 

101 

57 

30 

30 

6 

102 

30 

30 

7 

R 

0 

0 

2 

103 

30 

40 

6 

R  57 

30 

40 

7 

104 

30 

40 

6 

R  226 

40 

50 

12 

105 

113 

40 

50 

7 

106 

40 

50 

8 

R 

0 

0 

0 

107 

40 

50 

7 

R  57 

40 

50 

6 

108 

40 

40 

7 

R  225 

40 

50 

13 

ioe 

169 

40 

so 

4 

110 

40 

50 

6 

R 

0 

0 

1 

111 

30 

50 

4 

R  57 

30 

50 

6 

112 

40 

so 

5 

R  225 

40 

50 

13 

113 

225 

40 

50 

6 

114 

50 

60 

5 

R 

0 

0 

1 

115 

40 

50 

5 

R  57 

40 

50 

6 

116 

40 

50 

4 

R  225 

40 

50 

9 

117 

281 

30 

50 

5 

116 

30 

50 

4 

R 

0 

0 

0 

:«9 

402 

40 

50 

3 

151 

402*52* 

50 

50 

7 

Group  38 

A»*.-nge 

49 

6 

1  6  U 

•Cydti  it  C 

10  r 

121 


discharge  to  1  v  was  48  mv  and  had  a  ±  1  o  limit  of  8  mv.  A  slight  increase 
from  an  initial  value  of  30  mv  was  detected  after  one  week  of  cycling  to 
50  mv;  however,  beyond  that  no  further  changes  with  time  occurred.  When 
the  rejuvenation  treatment  was  immediately  followed  by  a  complete  discharge, 
the  cell  voltages  at  the  two  control  points  did  not  differ  from  the  values 
originally  obtained  at  the  formation  process. 

It  should  be  noted  here  that  in  all  cases  the  differences  in  voltages  were 
caused  by  the  positive  electrode  and  that  under  the  conditions  applied  this 
electrode  always  was  the  discharge -limiting  one.  The  losses  in  discharge 
capacity  at  a  complete  discharge  were  affected  both  by  the  rejuvenation  pro¬ 
cess  and  by  the  number  of  subsequent  cycles.  However,  the  number  of 
repetitive  cycles  accumulated  prior  to  the  rejuvenation  did  not  influence  the 
dischargeable  capacity. 

The  average  capacity  loss  of  6%  after  any  number  of  cycles  was  reduced 
to  about  1%  at  a  discharge  immediately  following  the  rejuvenation  procedure. 
The  average  loss  after  57  repetitive  cycles  following  the  process  was,  at  8%, 
slightly  higher  than  that  for  untreated  cells,  but  significantly  lower  than  the 
average  of  12#  observedfor  cells  with  225  cycles  in  the  second  cycle  sequence. 

Having  evaluated  the  capacities  dischargeable  to  1  v,  capacities  dis¬ 
chargeable  to  less  than  1  v  were  investigated.  Table  36  presents  the  results 
of  these  analyses.  Column  Cjjq  contains  the  total  capacity  discharged  to 
zero  cell  voltage.  This  is  followed  by  the  discharge  capacity  to  1  v  discussed 
above.  The  two  values  given  in  columns  "0.  6"  and  "0.  0"  are  incremental 
capacities  obtained  in  the  ranges  1  to  0.  6  and  0.  6  to  0.  Ov,  respectively. 

The  cells  were  then  rejuvenated  (R)  and  recycled  for  57  and  225  more  repet¬ 
itive  cycles. 

As  can  be  seen,  there  were  also  losses  in  the  total  capacity  to  zero  at 
the  first  discharge,  but  they  were  apparently  independent  from  the  number  of 
cycles  obtained.  In  all  cases,  the  incremental  capacities  became  greater 
than  at  formation,  but  not  to  such  an  extent  as  to  compensate  for  the  overall 
decline  in  capacity. 

At  discharges  immediately  following  rejuvenation,  not  only  the  capac¬ 
ity  to  1  v  was  improved,  as  mentioned  previously,  but  also  the  incremental 
capacities  were  reduced  towards  their  initial  values  at  formation.  Renewed 
repetitive  cycling  after  rejuvenation  let  the  incremental  capacities  grow 
again  with  a  pronounced  effect  on  the  number  of  cycles  of  that  second  sequence. 

The  following  conclusions  can  be  drawn  following  these  investigations. 

•  Under  the  conditions  applied,  thC  test  cells  failed  to  iii^iiiurize  in 
the  assumed  sense  of  the  definition,  i.  e. ,  neither  drops  in  discharge 
voltages  nor  losses  in  dischargeable  capacity  were  significant. 
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Table  36 


TOTAL  AND  INCREMENTAL  DISCHARGE  CAPACITIES 
(All  Values  in  Ampere-hours /Cell) 
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♦  Cycles  at  C/10  rate 
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•  The  rejuvenation  process  restored  the  initial  cell  performance  but 
only  on  a  temporary  basis. 

•  When  repetitive  cycling  was  resumed  after  rejuvenation,  the  losses 
in  discharge  capacity  observed  were  greater  than  before  and  obviously 
increased  with  growing  number  of  cycles  in  the  second  sequence. 

•  The  so-called  incremental  capacities  of  repetitively  ycled  cells  in¬ 
creased  considerably  over  their  values  at  formation  and  could  not  be 
brought  back  to  those  initial  values  by  means  of  rejuvenation. 

Chemical  Analysis 

In  Tables  37  and  38,  the  composition  of  the  positive  and  negative  electrodes 
is  expressed  on  an  ampere-hour-per-electrode  area  basis.  The  samples  for 
analysis  were  always  taken  from  the  same  locations  of  the  electrodes  and  were 
only  10  cm2  in  size.  However,  the  results  were  scaled-up  to  the  respective 
electrode  size  so  each  sample  would  represent  the  whole  electrode.  The  de¬ 
scription  of  the  samples  on  top  of  Table  37  refers  to  their  relative  positions 
in  the  wound- electrode  pack,  with  the  inside  label  coinciding:  with  the  begin¬ 
ning  of  the  winding. 

The  column  marked  "Ctr"  contains  theoretical  capacities  of  t  .e  active 
materials.  The  capacities  were  arrived  at  on  the  basii  of  1  x26.  8  ampere- 
hours/mole  for  positive  electrodes  and  2  x  26.  8  ampere-hours /mole  for  nega¬ 
tive  electrodes.  In  the  column  marked  "Cr",  the  residually  charged  capac¬ 
ities  after  the  discharge  tc  zero  volt  are  found.  Inasmuch  as  those  levels 
were  determined  by  means  of  well-known  chemical  redox  reactions,  no  unknown 
conversion  factors  were  involved  in  the  calculations.  Finally,  in  column  "Cu" 
the  portions  of  the  active  materials  which  remained  uncharged  at  the  end  of  the 
preceding  charge  period  are  found.  They  are  calculated  by  definition  as  the  dif¬ 
ference  between  CpR  and  the  sum  of  Cr0  and  Cr. 

In  some  of  the  positive  electrodes,  a  number  of  cases  of  negative  values 
for  the  uncharged  portion  are  observed  which  naturally  h  ive  no  significance. 
These  negative  values  can  be  eliminated  when  a  slightly  greater  conversion 
factor  than  26.  8  mole,  or  more  than  one  electron  involved  in  the  charge  trans¬ 
fer,  is  assumed. 

On  the  other  hand,  it  is  interesting  to  note  that  negative  values  are  only 
detectable  at  the  end  of  cycling  and  after  rejuvenation,  but  never  after  recycling. 
This  could  support  the  idea  that  structural  changes  are  encountered  in  4he 
active  material  that  affect  the  efficiency  of  the  leaching  process  and  con¬ 
sequently  the  values  of  CpR. 


Other  observations  that  can  be  made  are  that  the  level  of  residual  charge 
was  always  the  highest  at  the  end  of  normal  cycling  and  declined  with  ejuven- 
ation.  It  is  difficult  to  see  any  influence  of  the  subsequent  recycling.  Also  the 
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POSITIVE  ELECTRODE  COMPOSITION 
(All  Values  in  Ampere-hours/Electr&de  Area)— 
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Table  38 

NEGATIVE  ELECTRODE  COMPOSITION 
(All  Values  in  Ampere-hours /Electrode  Area) 
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amount  of  material  with  residual  charge  was  apparently  enriched  towards  the 
outside  of  the  electrode  roll.  The  corresponding  analytical  results  for  the 
negative  electrodes  are  presented  in  Table  38. 

At  the  moment  of  closing,  the  electrode  composition  was  rather  uniform 
with  respect  to  the  total  amount  of  the  active  materials  and  the  charged  and 
uncharged  portions  thereof.  The  formation  process  increased  the  level  of 
residual  charge  by  almost  a  factor  of  two  at  the  inside  and  by  about  50$  in  the 
middle  portion,  while  the  outside  section  remained  virtually  unchanged. 

While  repetitive  cycling  apparently  leads  to  stabilization  at  slightly  lower 
or  the  same  levels  in  the  first  two  portions,  the  amount  of  residual  charge  in 
the  outside  zone  increases  to  such  an  extent  that  after  169  cycles  the  charge 
distribution  in  the  electrode  is  the  absolute  opposite  of  the  stage  attained  after 
formation.  Rejuvenation  generally  lowers  the  numerical  values,  however, 
without  destroying  the  respective  charge  distribution. 

Resumption  of  cycling  brings  some  further  reduction  at  the  inside  and  mid¬ 
dle  section,  while  at  the  outside  the  trend  to  imbalance  appears  more  pro¬ 
nounced.  Naturally,  the  changes  in  residually  charged  capacity  are  reflected 
in  the  amount  of  uncharged  material  available.  The  latter  is  also  referred  to 
as  the  charge  reserve  of  the  negative  electrode.  In  some  instances,  this  term 
drops  to  about  one-third  of  its  initial  value  at  formation. 

In  conclusion,  even  if  changes  in  electrode  composition  could  be  found, 
they  were  not  severe  enough  to  induce  memory.  They  merely  led  to  insig¬ 
nificant  losses  in  capacity  and  voltage  performance. 

CONCLUSIONS 

1.  Under  the  test  conditions  applied,  i.  e. ,  20$  depth  of  discharge  and 
120$ overcharge  at  both  the  five-  and  ten-hour  rate,  the  cells  did 
not  exhibit  any  signs  of  memory  even  after  more  than  700  repet¬ 
itive  cycles. 

2.  Temporary  losses  and  changes  in  discharge  voltages  and  capacities 
were  almost  insignificant  and  could  be  eliminated  by  a  single  reju¬ 
venation  procedure,  consisting  of  external  short  circuiting  and 
subsequent  full  charging. 

3.  All  cells  tested  were  positive-electrode-discharge  limiting. 

4.  The  residual  charge  in  the  positive  electrodes  increased  during  the 
formation  process,  and  its  level  in  the  outside  portions  was  slightly 
higher  than  in  other  sections. 

5.  Negative  values  for  uncharged  positive  material,  arrived  at  by  the 
defined  mode  of  calculation,  disappeared  during  the  second  sequence 
of  repetitive  cycling,  thus  indicating  a  possible  change  in  the  com¬ 
position  of  the  active  material. 
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The  state-of-charge-distribution  of  the  negative  electrodes  underwent 
a  marked  change,  in  at  r»'ch  as  the  initially  high  level  of  residual 
charge  moved  from  the  insice  portions  to  the  outside.  This  ,/as  ac¬ 
complished  between  Cycles  113  and  169. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  major  conclusions  and  corresponding  recommendations  based  on  the 
results  of  this  study  are  listed  below. 

|  j 

'  L  Additives  —  General 

j  | 

|  Voltametric  cycling  studies  have  shown  that  all  deliberate  additions  of 

cations  (cobalt,  zinc,  cadmium,  aluminum,  and  lithium)  to  the  active  material 
have  a  beneficial  effect  on  the  performance  of  the  Ni(OH)a  electrode.  None  of 
these  additives  showed  any  negative  effects.  Cobalt  and  zinc  were  the  most 
effective  with  regard  to  high  active  mass  utilization,  capacity  maintenance 
with  cycling,  and  charge  efficiency,  especially  at  higher  temperatures  (45*C). 

2.  Cobalt  Additive 

,  . 

The  optimum  amount  of  cobalt  appears  to  be  between  8  and  10%  of  the 
j  *  active  material.  Uniform  additive  distribution  in  the  active  material  is 

!  essential  for  maximum  efficiency  of  the  additive.  Such  homogeneity  cannot 

be  achieved  in  commercially  impregnated  plates  which  derive  a  significant 
portion  of  their  available  capacity  from  corrosion  of  the  nickel  substrate.  It 
is  recommended  that  all  future  electrode  preparations  in  this  program  be 
I  designed  to  insure  an  8  to  10%  cobalt  addition  as  standard  practice. 

i 

j  3.  Zinc  Additive 

:  s 

The  extent  of  zinc  absorption  in  the  positive  plate  during  operation  of 
a  nickel- zinc  cell  amounts  to  about  20%  of  the  "active"  cation  content  after 
about  400  hours  of  cell  operation.  This  absorption  has  no  detrimental  effect 
on  the  performance  of  the  nickel  electrode.  In  fact,  the  voltametric  performance 
*  of  Ni(OH),  electrodes  appears  to  be  enhanced  by  the  presence  of  ZnO  dissolved 

|  in  the  electrolyte. 

i  4.  Voltametric  Cycling 

Voltametric  cycling  of  planar  electrodes  offers  a  convenient  method  for 
studying  the  electrochemical  aspects  of  the  electrode  mechanism.  Further 
experimental  work  is  required  to  fully  interpret  the  volumetric  results 
obtained  from  porous  electrode  structures  in  terms  of  actual  battery  usage. 

|  R  is  felt  that  such  work  could  lead  to  useful  correlations  with  more  conventional 

f  battery  teats  and  that  modified  voltametric  test  methods  could  be  successfully 

j  used  for  accelerated  life  testing  or  for  rapidly  evaluating  tranaient  effects 

]  in  electrode  processes  such  as  memory. 
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5.  Substrate  Material 


From  technical  considerations  alone,  platinum  represents  the  best  possible 
substrate  material  for  the  Ni(OH)a  electrode  because  of  its  high  oxygen  over¬ 
voltage  and  chemical  stability.  From  economical  considerations,  however, 
nickel  appears  to  be  the  only  suitable  choice  of  a  substrate  material.  The 
additional  cost  associated  with  the  search  for  other  alloys  or  surface  treat¬ 
ments  in  lieu  of  nickel  is  not  warranted  at  this  time.  If,  in  the  course  of  the 
next  phase  of  this  program,  it  is  concluded  that  the  rate  of  nickel  substrate 
corrosion  with  cycling  represents  a  major  obstacle  to  achieving  an  improved 
NI(OH)s  electrode,  this  additional  cost  may  be  justified. 

6.  Substrate  Interface  and  Porosity 

A  high  active  mass/conductor  interfacial  area  and  maximum  substrate 
porosity  are  the  primary  requisites  for  achieving  good  active  mass  utilization 
and  high  electrode  energy  density  in  sintered  structures.  The  physical  properties 
of  presently  available  sintered  nickel  battery  plaque  appear  to  be  optimum  with 
respect  to  these  criteria.  Little  or  no  improvement  in  electrode  performance 
is  expected  to  result  from  any  modification  in  such  plaque  material  or  from  the 
use  of  other  forms  of  porous  substrates.  The  highest  electrode  energy  densities 
were  obtained  with  sintered  substrates  having  an  average  pore  diameter  of  about 
8  to  12  microns  (all  other  things  being  equal). 

7.  Precipitation  Technique 

The  electrochemical  precipitation  technique  developed  in  this  program  can 
be  used  to  produce  electrodes  with  about  the  same  specific  capacity  as  that  of 
commercial  aircraft  battery  plates.  The  electrochemical  technique  offers  two 
distinct  advantages  over  the  commercial  process: 

•  Three  electrochemical  precipitation  cycles  requiring  a  total  of  about 
nine  hours  versus  five  to  eight  chemical  impregnation  cycles  at  about 
three  hours  per  cycle  will  mean  reduction  in  processing  time. 

•  Distribution  of  additives  in  the  active  material  will  be  improved  and 
little,  if  any,  corrosion  of  the  sinter  will  occur  during  activation. 

8.  Electrode  Capacities 

Based  on  initial  electrode  thicknesses,  measured  specific  electrode  capac¬ 
ities  obtained  in  this  program  were  as  high  as  6.  5  ampere-hours/inch3.  ,)  The 
fact  that  the  thickness  of  all  heavily  loaded  sintered  plates  increased  by  about 
20%  during  cycling  suggests  that  the  active  material  has  a,  much  lower  density 
in  the  charged  state  and  that  the  above  value  may  therefore  be  near  the  maximum 
attainable  energy  density  with  sintered  structures  under  sealed-cell  conditions,' 
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9.  Charge  Efficiencies 

Charge  efficiencies  of  over  98%  were  achieved  for  electrodes  charged 
to  95%  of  full  capacity.  When  fully  charged,  efficiencies  of  over  96%  were 
demonstrated  for  electrodes  containing  8%  cobalt  additive.  Capacity  mainten¬ 
ance  of  ±  1%  was  demonstrated  for  100  cycles  at  70%  depth  of  discharge  for 
the  electrochemically  prepared  plates. 

10.  Sintered Plates 


In  view  of  the  previous  conclusions,  it  is  recommended  that  work  on 
electrochemically  activated  sintered  plates  be  continued  in  order  to  develop 
further  refinements  in  this  promising  fabrication  process.  These  efforts 
should  be  aimed  at  examining  in  greater  detail  the  effects  of  other  precipitation 
current  densities  and  conditions,  such  as  pulsed  currents,  the  application  of 
vacuum  to  remove  ext  rapped  gas  during  precipitation,  and  the  use  of  surfactants 
and  other  additives  to  the  impregnating  solution. 

1 1.  Pasted  Plates 


Pasted  plates  offer  the  greatest  promise  from  the  standpoint  of  ease  of 
fabrication,  production  cost,  and  capacity  uniformity.  Moreover,  alterations 
in  the  physical  characteristics  of  the  pasted  structure  can  be  effected  by  wily 
minor  adjustments  in  the  fabrication  process.  While  the  production  of  such 
electrodes  presently  involves  a  great  deal  of  art,  there  appears  to  be  a  high 
probability  that  pasted  plates  can  match  (or  perhaps  even  exceed)  the  perfor¬ 
mance  capability  of  sintered  structures.  Since  time  did  not  permit  a  complete 
evaluation  of  these  electrodes  during  the  present  report  period,  it  is  recom¬ 
mended  that  work  on  this  type  of  structure  be  continued  in  order  to  permit  a 
Tull  characterization  of  the  pasted  Ni(OH]^  electrode.  Preliminary  testing 
under  cell  conditions  is  underway  at  this  time.  A  complete  determination 

of  capacity  uniformity  and  charge  efficiency  with  cyclic  will  be  mad_  for  theae 
-lectrodes  shortly.  Postmortem  analyses  will  be  made  in  an  effort  to  predict 
primary  failure  mode  of  pasted  structures. 

12.  Memory 

No  evidence  for  memory  was  obtained  after  more  than  700  repetitive, 
partial-depth  discharge  cycles  --  a  condition  which  waa  chough*  tn  the 

memory  effect  most  rapidly.  Only  small,  temporary  losses  in  discharge 
voltage  and  capacity  were  found  ait h  repetitive  cycling,  and  these  were 
eliminated  by  a  single  rejuvenation  procedure.  It  is  recommended  that  the 
present  cycling  regime  be  continued  until  a  significant  change  in  the  electrical 
performance  of  these  test  cells  is  observed.  At  that  time,  the  scheduled  post¬ 
mortem  analyses  should  be  reinstated  to  determine  the  cause  and  origin  of 
memory. 
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